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PREFACE.

This book is intended to aid in the preparation

of students for courses in civil, electrical, or me-

chanical engineering, and for advanced work in all

branches of science requiring the use Of accurate

methods and instruments of precision. To 'this end,

the course of experiments described, unlike that con-

tained in most manuals published in this country, is

exclusively devoted to quantitative physical determi-

nations. Comparatively little use is made of the or-

dinary experimental demonstrations of well-known

physical laws and principles, which, it is believed, are

better suited to the lecture-room than to the labora-

tory. Most of the experiments consist in the deter-

mination of magnitudes wholly unknown to the

students, and are made with instruments which they

themselves have tested, in order that they may learn

to depend upon their own observations.

Attention has been paid throughout this book to the

general ynethods which underlie all physical measure-

ment, rather than to the special devices by which

particular difficulties are overcome. It is considered

of greater advantage to show how comparatitdly
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accurate measurements may be made with rough ap-

paratus, than to explain the use of instruments of

precision which, in the hands of students, are apt to

give erroneous results. The apparatus required for

this course is, accordingly, of the simplest possible

description.

Most institutions are obliged, by considerations of

expense, to limit either the quantity or the quality of

the instruments provided for the laboratory. When

the supply of apparatus is insufficient, the work of a

given student at a given point of time is obviously

determined, to a greater or less extent, by the instru-

ments which happen to be free for him to employ, and

the systematic instruction of large classes becomes

impracticable. This book is intended especially for

use in laboratories which are or can be provided with

a liberal supply of moderately accurate apparatus.

Effort has been made to devise inexpensive instru-

ments, especially when several copies of a given kind

are likely to be needed ; and it has been found that,

notwithstanding the expense of all necessary redupli-

cations, a considei'able saving may bo effected by the

" Collective System " of instruction in tlie cost and

labor of conducting an elementary laboratory course.

The experiments are accordingly such as can be once

for all frxplained to, and within a reasonable length of

time performed by a large class of students. They

are moreover arranged in a connected and progressive

order.

The care and accuracy required to obtain concord-

ant results in Physical Measurement, the continual
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use of experimental, inductive, and controlled methods,

give to that science a peculiar educational value, aside

from the natural laws and principles with which the

student must become familiar. The course of experi-

ments has been adapted, in so far as possible, to the

needs of students who, having little or no previous

training either in mathematics or in physics, wish to

obtain a general scientific education. Every branch

of physics is accordingly represented by typical ex-

amples. In order, however, not to exceed the natural

bounds of an elementary treatise, the author has

limited his selection to such experiments as have been

proved, practically, in his own experience, to yield the

most satisfactory results from an educatij)nal point of

view. It is hardly necessary to add that these experi-

ments involve physical measurement in every case.

The amount of mathematics required in the use of

this book is not so great as might be supposed from

a casual examination of its pages, since many proofs

are given in full which in other text-books are taken

for granted. The course of one hundred experi-

ments involves only the simplest propositions in arith-

metic and geometry, and little or nothing of algebra

or trigonometry beyond tlie mere notation. Prob-

lems presenting any special difficulty are treated

separately in a portion of the Appendix (Part IV.)

not intended for general use.

The first part of this book relates especially to hy-

drostatics, thermics, optics, and acoustics ; containing

measurements of mass, density, length, temperature,

heat, light, and wave-lengths of sound.
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The second part contains all such measufenients as

involve motion or acceleration. That part of acous-

tics which relates to the measurement of time is

also included ; then follow dynamics, magnetism, and

a comparatively extended series of electrical meas-

urements. A few experiments intended (with cer-

tain exceptions) for advanced students are added,

together with a description of certain instruments of

precision.

The third part contains notes on the general

methods of physical measurement, and on physi-

cal laws .and principles. An extended series of

mathematical and physical tables is also included in

this part.

The fourth part, Or Appendix, contains suggestions

to teachers in regard to laboratory equipment, appa-

ratus, expenses, and methods of instruction. It in-

cludes a full set of examples, showing how the

observations in the course of one hundred experi-

ments should be recorded and reduced. These

examples embody results a great part of which

were actua,lly reported by students. There are also

three working lists of experiments. Of different lengths

and degrees of difficulty, and proofs of certain im-

portant mathematical forniiilse.

The text of the first and second parts is divided

into short chapters, distinguished by the names of

the experiments (Exps. 1-100) to which they relate.

The experiments are still farther divided into sec-

tions (^^ 1-270), devoted in some cases to the practi-

cal, in other cases to the theoi'etical treatment of the
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subject. It has not been thought necessary or desira-

ble to indicate in all cases just what portions of an

experiment the student is expected to perform, and

what portions it is suffieient for him to read. This

must, of course, depend largely upon circumstances.

Full directions for each of the one hundred regular

experiments, or for each part of which it consists,

will usually be found in a separate section headed by

the word " Determination." In the case, however, of

outside experiments mentioned only for the sake of

illustration or continuity, directions are either entirely

omitted, or replaced by a mere outline of the meth-

ods involved, with which it is important that the

student should become acquainted. Examples will

be found under the " Peculiar Devices employed in

Calorimetry " (Tf 97), and the " Velocity of Light

"

(^ 247), which, though obviously impracticable, even

for advanced students, furnish reading matter which

is none the less instructive.

More than half of the sections in the first and

second parts relate to principles involved in the ex-

periments, the cottstrtiction of the necessary appara-

tus, or the calculation of results. These should be

read or omitted by the student at the discretion of the

teacher. The references to the third part (§§ 1-166),

which occur throughout the experiments, should be

looked up by the student in- the order in which they

are met, and afterWard read consecutively. The

teacher should make sure that these references are

understood, in the case especially of students who

may have had no previous training in physics.
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The examples iii the fdurtli part are intended to

aid the teacher in preparing a list of the data re-

quired for a given determination, and in explaining

the reduction of these data. The calculations are

made, for the most part, by purely arithmetical pro-

cesses, and in so far as possible, by one step at a

time, so that the student can hardly fail to under-

stand them. The author has found iu his own ex-

perience that such examples can be safely trusted in

the hands of students ; but, for obvious reasons, it

was thought better that they should be contained in

the fourth part or Appendix, copies of which, sep-

arately bound, can be used by teachers who prefer to

keep the examples at certain, or at all times, in their

own hands.

The three lists of experiments, proposed by the

author with a view of preparing students for various

requirements of Harvard College, may be useful also

to teachers who wish merely to shorten the course of

experiments described iu this book, without interrupt-

ing the continuity of the course.

The mathematical portions of the Appendix contain

proofs which may be of interest to ambitious students

and a convenience to teachers who find it desirable to

step hbyond the limits of this book.

Few references are given to works of other authors.

It has been thought better in an elementary book to

incorporate in the text such abstracts from the best

authorities as it may be necessary for the student to

refer to. The course of experiments here described

was elaborated from one previously given by Pro-
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fessor Trowbridge, and outlined in his " New Physics "

(Appletoii, 1884). In this course frequent reference

was made to the.well known works of Everett, Kohl-

rausch, and Pickering. It is impossible to say to what

extent the author may be indebted to these sources for

the ideas contained in this book.

The advanced slieets of a " Syllabus " of experi-

ments arranged by the author were distributed to

his class in the year 1884-1885, before the works of

Glazebrook and Shaw, and .Stewart and Gee, could be

obtained. While considerable assistance was derived

from these works in the preparation of this book, the

" Syllabus " mentioned above vras taken as the basis

for most of the experiments. The notes contained in

the third part were first distributed to students in

1888-1889, but largely rewritten in 1890. The tables

were condensed, by permission, from those of Pro-

fessors Landolt and Bornstein, and from other sources

elsewhere acknowledged. The first part was printed

in 1890 ; the remaining three parts in 1891. In the

same year a corrected edition of the first three parts

was prepared for the use of students, and all four

parts were combined in a single volume for the use of

teachers and students.

The author is indebted to Professor Trowbridge

for an outline of many successful experiments ; to

Professor Hall for a revision of a part of the

proof-sheets, for numerous useful and practical sug-

gestions, and for parts of experiments taken from

his elementary course ; to the late Mr. Forbes, of the

Roxbury Latin School, for important criticisms ; and
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to Mr. Edgar Buckinghajn, Assistant in the Jefferson

Physical Laboratory gf Harvard University^ for valu-

able aid in preparing the course of experiments.

The author wishes also to acknowledge several

errata kinuly pointed out to him in earlier copies, and

to state that he will gl&dly receive from any source

further corrections or criticisms which may be of

service m preparing a revised edition of this book.

Cambridge, November, 1891.



TABLK OF COHTEI^TS,

fart Jirst

MEASUREMENTS RELATING TO

DENSITY, HEAT, UC3-HT,, AND SOUND.

PRELfMINARY E.>^PER.IMENTS.

Pagb

I. Direct Measurement of Density 1

Nicholson's Hydrometer.

II. Testing a Hydrometer 8

III. Weighing with a Hydrometer 13

IV. Weighing in Water with a Hydrometeb . . 14

v. Atmospheric Density 17

The Balance.

VI. Testing a Balance 27

VII. Correction of WEfGHTs 38

VIII. Weighing with a Balance ....... 42



xiv TABLE OF CONTENTS.

DENSITY.

DENSITY OF SOLIDS.

Page

IX. The Hydrostatic Balance, 1 43

X. The HYDKObTATic Balance, II. ..... 46

The Specific Gravity Bottle.

XI. Capacity or Vessels 49

XII. Displacemknt, I 53

XIII. Displacement, II. . . „ 56

DENSITY OF LIQUIDS.

XIV. Density of Liqcids 58

XV. The Densimeter . 59

XVI. Balancing Columns 63

DENSITY OF GASES.

XVII. Density of Air . 67

XVIII. Density of Gases 69

LENGTH.

XIX. Measurement of Length 71

XX. Testing a Spherometer S3

XXI. Curvature of Surfaces 88



TABLE OF CONTENTS. xv

HEAT.

COEFFICIENT OF EXPANSION.
Page

XXII. Expansion op Solids 90

XXin. Expansion of Liquids, I j . 94

XXIV. Expansion of Liquids, II . 101

TEMPERATURE.

XXV. The Mekourial Thermometer .... 104:

XXVI. The Air Thermometer, 1 119

XXVIL The Air Thermometer, II 127

CHANGE OF PHYSICAL CONDITION.

XXVIII. Pressure op Vapors, 1 132

XXIX. Pressure of Vapors, II. ...... . 133

XXX. Boiling and Melting Points 140

CALORIMETRY.

XXXI. Method of Cooling 144

XXXII. Thermal Capacity. . 157

XXXIII. Specific Heat of Solids 178

XXXIV. Specific Hteat of Liquids 184

Latent Heat.

XXXV. Latent Heat of Solution 194

XXXVI. Latent Heat of Liquefaction . . . .199

XXXVII. Latent Heat of Vaporization .... 202

XXXVIII. Heat of Combination 205



svi TABLE OF CONTENTS.

RADIATION.
Page

XXXIX. Radiation op Heat 212

LIGHT.

XL. Photometry 222

FOCAL LENGTHS.

XLI. Principal Foci 280

XLII. Conjugate Foci 236

XLIII. Virtual Foci 239

OPTICAL ANGLES.

XLIV. The Sextant 244

XLV. Prism Angles 255

XLVL Angles of Refraction 257

XLVII. Wave-Lengths 264

SOUND.

XLVin. Interference of Sound 270

XLIX. Resonance 272

L. Musical Intervals 273



Part Seconli.

MEASUREMENTS RELATING TO

SOUND, DYNAMICS, MAGNETISM, AND
ELECTRICITY.

SOUND (continued.)

MEASUREMENT OF TIME.

Page

LI. Velocity of Sound 279

LII. Graphical Method 288

LTII. Beats 291

LIV. L1S8A.JOU8' Curves 295

LV. The Tootped Wheel 301



XTIU TABLE OF CONTENTS.

DYNAMICS.
Page

Different Methods of Mbasuking Velocity in

Dynamics (H 147) . 308

the pendulum.

LVI. Falling Bodies 31.3

LVII. Law of Pendulum ......... 316

LVin. Method of Coincidences ...... 320

FORCE.

LIX. Inertia, I . 330

LX. Inertia, II 334

LXI. Composition of Forces .... . . 337

LXII. Centre of Gravity 348

ELASTICITY.

LXIII. Bending Beams 350

LXIV. Twisting Rods 354

LXV. Stretching Wires . 360

COHESION.

LXVI. Breaking Strength . 307

LXVII. Surface Tension 369

WORK.

LXVIII. Coefficient of Friction 373

LXTX. Efficiency 379

LXX. Mechanical Equivalents ' 387



TABLB OF CONTENTS. XIX

MAGNETISM.
Page;

' LXXI. Mag;setic Poles 394

ILXXII. Magnetic Fouces . . ,. .... 398

LXXI'II. Magnetic Moments 402

The Magnetometer.

LXXIV. Magnetic Deflections 403

LXXV. Distribution of Magnijtism,, I. 411

MAGNfTO-ELEOTRlO INDUCTION.

The Ballistic Galvanometer.

LXXVI. Distribution of Magnetism, II 414

The Earth Inductor..

l-XXVII. Magnetic Dip 422

ELECTRICITY.

electrical current measure.

General Precautions in the Measurement of

Electric Currents (1[ 193)

The Tangent Galvanometa,

"LXXVIII. Constants of Galvanometers

LXXIX. Comparison of Galvanometers

LXXX. The Dynamometer ....
LXXXI. Electro-Chemical Method

LXXXII. Method of Vibrations .

LXXXIII. The Ammeter, I

LXXXIV. The Ammeter, II

431

437

448

451

456

460

466

468



XX TABLE OF CONTENTS.

>. MEASUREMENT OF ELECTRICAL RESISTANCE.

Page

LXXXV. Method of Heating 471

LXXXVI. Comparison op Resistances . . . 474

LXXXVII. AVheatstgne's Bridge 480

LXXXVIII. Specific Resistance 484

LXXXIX. Thomson's Method 487

XC. Mance's Method 490

XCI. Use of a Shunt 493

XCII. Ohm's Method 498

XCIII. Beetz' Method 501

measurement of electromotive force.

Classification of Methods (1[ 230) 511

XCIV. Wiedemann's Method ...... '518

XCV. The Thermo-Elbctrio Junction . . 520

XCVI. The Volt-Meter, 1 524

XCVII. The Volt-Meter, II 528

XCVni. Clark's Potentiometer 529

XCIX. Poggendorff's Method 531

e. Electrical Efficiency 533

EXPERIMENTS FOR ADVANCED
STUDENTS 537

INSTRUMENTS OP PRECISION .... 568



Part Etjirtr.

PRINCIPLES AND METHODS.
Chapter Pagb

Introduction 585

I. General Definitions 602

II. Observation and Error 614

III. General Methods 626

IV. Kedcotion of Results 658

v. Hydkostatics 669

VI. Heat 679

VII. Sound and Light 691

VIII. Force and Work 703

IX. Electricity and Magnetism 718

X. Electromotive Force and Kksistance . . 729

Addenda 739

Arrangement of Tables 746

Explanation op Tables 761

Sources of Authority 794

MATHEMATICAL AND PHYSICAL TABLES.

j^jjj, MATHEMATICAL TABLES.

1. Proportional Parts 797

2. Powers, Circular Properties, etc. .... 798

3. Trigonometric Functions (3-place) .... 800

3A. Reciprocals 802

3C. Squares 804

3D. Cubes 806

3P. Circumferences op Circles 808

3G. Areas op Cirgles . 810

3H. Volumes of Spheres 812

4. Natural Sines 814

4A. Logarithmic Sines 816

5. Natural Tangents 818



xxn TABLE OF CONTENTS.

5A. LoGAKiTHMic Tangents 820

0. logakithms 822

7. Probability of Errors 842

physical tables.

General Properties of Solids, Liquids, and Gases.

8. Properties of Elementary Substances . . 843

9. Properties of Solids — Boilding Materials,
etc 846

9a. Properties of Solids— Chemical Materials,
etc 848

10. Properties of Solids— Optical Materials,
etc. 852

11. Properties op Liquids 856

12. Properties of Gases and Vapors 861

HYPSOMETRIC, HYGROMETRIO, AND BAROMETRIC
TABLES.

13a. Maximum Pressure of Vapors 864
14. Boiling Points of Water, 68 cm. to SO cm. . 867

14A. Dew-point, Temperature, and Humidity . . 867
15. Hygrometric Table 868
15A. Specific Heat of Moist Air 868
15B. Velocity of Souxd ... 869

15C. Coefficients of Interdiffusion of Gases . . 869

16. Reduction of Barometric Readings to cm. . 870

16 A. (Reduction of Barometric Readings) g = 9S0 871

ISB. j to Mkqadynes per sq. cm., . . j g = 981 871

17. Estimation of Heights by the Barometer . 871

17A. Correction for Temperature in Table 17 . 871

178. CoRRKCTiON for Humidity jn Table 17 . . . 871

18a. Barometric Corrections for Expansion . . 872

18b. Barometric Corrections for Capillarity ^ . 872

18c. Barometric Corrections fob Mercurial
Vapor 872

18d. Reductions of Density to 76 cm 873

18e. Reductions of Density to 0° 873

18f. Reductions of Volume to 76 cm 873

18g. Reductions of Volume to 0° 873



TABLE 0¥ OOTVXENTS. XXIU

REDUCTION OF WEIGHINGS TO VACUO.

19. Density of Air (f)°-3'r; 72-77 cm.) .... 874

20. Corrections fou Humiuitt in Tablh 19 . . 874
20A. Bt70YANCY 0'P Am O'x BuAss Weights . . . 874
21. Reduction' ov Ai'I'Akent Weighings to Vacuo 875

specific volumes and densities

22. Apparent Specific Volumes of Water
23. True Specific Volume op Water . .

23A. True Specific Voi.umi! op MEatcuRY .

23B. Apparent Specific Volume jOf Mercury
21. Density op Mercury
2^3. Density of Water
26. Density of Co.mmergial Glycerine

875

876

87^

876

877

877

877

properties of solutions depending upon
their strength.

27. Density of Alcohol (Oo^-MO^,', 15°-22°)

28. Density of Acids and Solutions at 15°

29. BoiLiNGrPoiNTS OF Solutions
30 Specific Heats of Solutions ....
31 A. Electrical Conductivity of Solutions at
31'B. Refractive Indices ojf iSolutioin/S . . .

310. Table foh Mixing Solutions ....
31D. Coefficients of Saline Diffusion . . .

31E.
j
Rotation of th'k PLaNE of ) in Solutions

31F. I
Polarization, Lines A-H j in Solids

18°

880

>862

«83
.884

885

&85

S85

MISCELLAN£,OUS DATA.

31G. Magnetic Rotation of Polarization . .

31 H. Magnetic Susobptibility, etc. . .

311. Coefficients op Hydjiaulic Fihiction

31J. Coefficients .of Friction between Solids

31K. Relative Radiation, Absorption, etc

31L. Constants of Radiation . . .

32a. Heats of Combustion in Oxygen .

32b. Heats of Combustion in Chlorine
33. Heats of Combination

887

887

887

887

887

887

888



xxiv TABLE OF CONTENTS.

electromotive force and reststance.

34. Contact Differknces of Potential .... 889

35. Electromotive Forces of Voltaic Cells . . 890

36. Electromotive Force and Length of Spark . 890

37a. Specific Resistances of Conductors .... 891

37b. Specific Resistances of Insulators .... 891

38. Specific Resistances of Electrolytes . . . 891

arbitrary scales.

39. Fahrenheit and Centigrade Thermometers 892

40. Hydrometer Scales 892

41. Wave-Lengths 892

42a. Board of Trade (Imperial) Wire Gauge . . 893

42b. Birmingham Wire Gauge 893

43. Musical Pitch 893

astronomical and geographical tables.

44A. Reduction of (') and (") to (°) 894

44B. Equation of Daths in Different Years . . '894

44C'. Gain of Sidereal Time 894

44D. Sidereal Time at Greenwich, Noon .... 894

44E. Semi-diametek of the Sun 894

44F. Declination of the Sun 895

44G. Equation of Time 895

44H. The Solar System 896

45. Right Ascensions and Declinations of Stars 896

46. Geographical Latitudes, Longitudes, and
Elevations 897

47. Acceleration of Gravity 897

48. Lengths of Seconds Pendula 897

*

reduction of measures to and from the
C. G. S. system.

49a. Reductions Independent op '_'g" 898

49b. Reductions for "g"=980 and "g"=981 . . 899

50. Constants Fkequently Required 900



Part IV.

APPENDIX FOR THE USE OF TEACHERS.

Paqb

I. The Laboratory 901

II. Apparatus 909

in. Expenses .926
IV. Instruction . 939

V. Examples of Observations and Calcula-

tions 951

VI. First List op Experiments (1A to 120A),

FOR Harvard College examinations in

Advanced and in Elementary Physios . 1035

VII. Second List op Experiments (IB to 60B)

FOR Harvard College examination in

Elementary Physics 1066

VIII. Third List op Experiments (1C-80C) for

Harvard College examination in Ad-

vanced Physics 1079

IX. Averages op Variable Quantities .... 1097

X. Probability op Errors 1109

XI. Proofs of Formula 1130

XII. Useful Formul.*; 1174

INDEX 1191





PHYSICAL MEASUREMENT.

^m . jFirst*

MEASUREMENTS RELATING TO DEN-
SITY, HEAT, LIGHT, AND SOUND.

EXPERIMENT I.

MEASUREMENT OP DENSITY.

^ 1. The Density of a Rectangular Block. — The

volume of a rectangular block may be defined as the

product of its length, its breadth, and its thickness.

If, accordingl}', each of its three dimensions has been

measured (§ 1) in centimetres (§ 5), we may find the

volume of the block in cubic centimetres by mul-

tiplying these three dimensions together. When two

blocks are of exactly the same size, but of uneg^ual

weight, as for instance a block of wood and a block

of metal, they are said to differ in respect to density.

Obviously, to determine the density of a body, we
mast find its weight as well as its volume. For con-

venience in calculation, the weighing should be made

in grams (§ 6), since density is customarily expressed

in grams per cubic centimetre (§ 9). To calculate

the density of a body, we divide its weight in grams

by the number of cubic centimetres contained in its

volume, and thus find the weight of one cubic cen-

1
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tiinetre. This i.s the density (or average density) in

question, expressed in absolute units of the C.G.S.

system (§ 8). It should be noted that in this system

the density of a body is equal to the weight in grams

of a cubic centimetre of the substance of which it is

composed.

The density of a fluid cannot, for obvious reasons,

be determined lilce that of a solid, by direct measure-

ments of its weight and linear dimensions ; but when

the volume of a block has been found, there are vari-

ous methods by which the weight of an equal bulk of

a fluid may be determined. We may, for instance,

find the weight of the fluid necessary to fill a mould

or vessel into which the block exactly fits ; or we may

fill a vessel with the fluid, and weigh the quantity

which runs over when the block is immersed ; or we

may load the block ^ until it neither floats nor sinks in

the fluid,— the weight of the block being in this ease

equal to that of an equal biilk of the fluid (§ 64).

Other methods will be described in experiments which

followv The density of a fluid is always calculated,

like that of a solid, by dividing its weight by its volume.

We have seen how one may find the weight of a

certain quantity of a fluid equivalent in volume to

a rectalngular block ; the volume of the fluid in ques-

tion (being equal to that of the block) is calculated

by multiplying together the length, breadth, alid

^ In a wooden block, auger-ho]e.s bored parallel to the grain may
be nearly filled with lead, and closed with a wooden plug even with the

surface. A cube' measuring 10 cm. each way and weighing 998 g. will

be found useful to illustrate the density of water. The block should

be coated with oil or other material impervious to water.
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thickness of tlie block. All meiisurements of den-

sity will be found to depend more or less directly

upon linear dimensions as well as upon weigiit.

The density of water may be found, approximately,

by any of the methods suggested above ; but the ex-

act measurement of the densit}' of water is one of the

most difficult problems in physical measurement. "VVe

shall need continually to refer to the values in Table

25, which have been obtained by combining the re-

sults of the most careful observers. The student

will of course accept these values in preference to

any which he himself may obtain ; but to use them

Intelligently, he must thoroughly understand both

what they represent and how the}'^ are found. He
should convince himself that the density of water is

not far from unity ; or that, in other words, 1 cu. cm.

of water weighs nearly 1 g. (see § 6) ; and he should

familiarize himself with the fundamental method of

measuring density b\- weiglit and linear dimensions,

applicable, as we have seen, either to a solid or to a

liquid. 1 In case that a rectangular block is used, the

necessary data are its weight in

grams, and its length, breadth,

and thickness in centimetres.

The observations are made as

stated below.

^ 2. Determination of Weight Fig. 1.

by the Method of Trial.— The block is to be weighed

with rough scales, .«nch as are represented in Fig. 1,

and which sliould be affeeted hj a decigram. To

1 See the Harvard University List of Chemical Experiments, Exp. 1.
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select the weights necessary to balance a given body

requires in general many trials. The number of trials

may be greatly reduced, in the long run, by a strict

adherence to the method here described. (See § 35,

2d ed.) We first place the block on one scale-pan,

and a single weight, which we judge to be nearly

equal to it, on the other. If this weight is too small,

that is, if it is insufficient to lift the block, we add to

it another weight of about equal magnitude, if any

such exist in the set of weights; or should there

be no weight equal to the first, we add one of the

next greater magnitude. If the two weights to-

gether fail to lift tlie block, we add a third as nearly

equal to the sum of the other two as may be conven-

ient, and thus by doubling the weight in one scale-pan

as many times as may be necessary, we find a quantity

capable of lifting tlie load in the other scale-pan. If

on the other hand, the first weight tried lifts the block,

that is, if it is too heavy, we substitute for it one half

as great, if any such be contained in the set ; other-

wise, the largest weight less than half of the first

;

and if the second weight is too great we substitute

in the same way a third weight not greater than half

of the second, and so continue to halve the weight

until finally it is lifted by the block.

The weight of the block thus becomes known be-

tween two limits. We next try a weight as nearly

half-way between tliese limits as may be obtained by

the addition or subtraction of one weight at one time,

or by the substitution of one weight for another; and

thus gradually approximate to the weight of the
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block by successively halving the interval between

the limits known to contain it.

By aimless departures from this method of approx-

imation, the numbei; of trials may be indefinitely in-

creased ; but certain modifications may be advisable

when, from the slow motion of the scales or from aiiy

other cause, one has good ground to think that the

true weight has been nearly foimd. In all such cases

one should, add or take away only so much weight as

may be rea^onfibly expected to turn the scales.

When the block has been exaotlj'^ counterpoised by

weights,, it should be transferred to the other scale-

pan and: balanced, against the same weights as before.

(See § 44.) If the scales are as accurate as they are

"precise," (§ 48, 2d edO the equilibrium will not

be disturbed, otherwise a readjust-

inent of the weights will be neces-

sary. In the liitter case the average

of the two weighings is adopted as

the true weight of the block. (See

Experiment 8.)

^ 3^ ..Determination of Ziengtb,

Breadth^ and Thickness by a Vernier

Gauge.— We have seen in ^ 2 how

the weight of a block can be found

;

it remains to measure its lengtli,

breadth, and tliickn.ess, in order

that its density may be determined.

A Vernier gauge (Fig; 2) is suitable for this pur-

pose. To obtain great accuracy with such a gauge,

special precautions are necessary (see Experiment

Fig. 2.
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19). Fw the purposes of this expeiiment, however,

it will be sufficient to observe that the distance be-

tween the jaws (c and d") is directly- indicated on

the main scale of the instrument by the " pointer
"

or "zero" of the Vernier scale (6) on the sliding

piece (a 6 c), to which the jaw (c) is attached, To

identify the zero of the vernier, we bring the jaws

(c and d) into contact ; the zero of the vernier should

tlien come opposite to the zero of the main scale.

For convenience in reading the vernier, the zero is

generally placed at a point (6) con-

siderably beyond the movable jaw

(e) ; but if, as in the figure, the

main scale begins at an equal dis-

tance fiom the fixed jaw (c?), the

readings will not be affected. Evi-

dently, in such a gauge, the edge of

the sliding jaw (f) cannot be used

as an index.

The whole number of millimetres

between the jaws is equal to the

number of the first millimetre divis-

ion below the zero of the vernier,

that is, between it and the zero of

the main scale. The tenths of mil-

limetres above this whole number

may be read from the vernier as explained in § 40.

The block is first clamped lengthwise between the

jaws of the gauge as in figure 3, and ten measure-

ments are thus taken at different points. It is then

clamped so as to obtain in a similar manner ten

Fig. 3.
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measurements of its breadth, and finally ten of its

thicknesi. In each case the readings are made to

millimetres and tenths. The object of taking a large

number of measurements is to find the average length,

breadth, and thickness with a degree of exactness

(§ 48) corresponding to that attained in the weighing

already performed (^ 2). We finally calculate the

volume and density of the block as explained in ^ 1.

*\ 4. Corrections Disregarded in Experiment 1.—
The vernier gauges which we usually employ are

supposed to read correctly at 0° Centigrade ; and

hence will not be quite accurate at ordinary tempera-

tures. For instance, if the gauge, having been cooled

by melting ice to 0°, is fitted to the block as in

Fig. 3, then allowed to become warm through con-

tact with the air of the room, it will no longer fit

the block as closely as it did, owing to expansion of

the metal by heat. The block, though really un-

changed in size, will appear to be somewhat smaller

than before. This effect of expansion is barely per-

ceptible ; but we tend, nevertheless, to underestimate

all the dimensions of the block, and hence- also its

volume. With brass gauges at 20°, the error in the

volume would amount to about 1 part in 900 (see

Table 8 &, also § 83).

Another source of error lies in the fact that the

weighings are made in air, and not in vacuo (§ 65).

In the case of a body weighing about one gram to the

cubic centimetre, it is found (see Table 21), that the

atmosphere exerts a buoyant action which apparently

depi'ives it of about one 900th of its v^eight. We



NICHOLSON'S HYDROMETER. [Exp. 2.

should therefore underestimate .both the weight and

the volume, in such a case, in the same proportion;

and the density obtained by dividing the one by the

other would not be affected. Even when the correc-

tions in this experiment do not, as above, completely

off'set one another, they generally amount to less than

one part in a thousand, and may be neglected in com-

parison with errors of observation. (See § 24.}

EXPERIMENT II.

TESTING A HYDROMBTEE.

*|[ 5. Determination of the Sensitiveness of a Hy-

drometer.—A Nicholson's hydrom-

eter is to be loaded as in Fig. 4, by

placing weights in the upper pan,

a, until a small ring round the

lower part of the wire stem sinks

just beneath the surface of the

water; then small weights are

added, say 5 centigrams, until by

the sinking of

the instrument,

another ring

round the upper

part of the stem

is brought just

below the water

level. The dis-

tance between the two rings, through which the hy-

drometer sinks under the action of the weight added.

Fig. 4.
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is estimated roughly by a small millimetre scale. We
now calculate the effect of one centigram in sinking

the instrument. This is called the sensitiveness

(§ 41) of the hydrometer, and is useful in determin-

ing the degree of precision with which the adjust-

ments of the instrument should be made (see § 48).

Thus if the effect of one centigram is distinctly per-

ceptible, we should try to avoid errors even less than

a centigram in magnitude.

In using a Nicholson's hydrometer, several precau-

tions should be observed. It frequently happens

that through friction against the sides of the vessel,

or through capillary phenomena where the surface of

the water meets the stem, the hydrometer is unaf-

fected by any slight change in the load. To avoid

the first difficulty, the instrument should be kept

floating in the middle of the jar, by the use of a

guide of some sort. Such a guide may be con-

veniently constructed of wire, as

in Fig. 5. To avoid the uncer-

ta,inity of capillary action, the stem

of the hydrometer should be kept

wet, by a camel's-hair brush, for

at least a centimetre above the

water level,
^''*- ^•

In water freshly drawn bubbles of air are apt to

form, clinging to the sides of the hydrometer. These

should be removed by the same brush. The forma-

tion of air bubbles may generally be preveuted by

using either distilled water, or water which has been

standing for some time in the room.
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It is important to keep the upper part of the stem,

the pan, and the weights absolutely dry. The guide

(Fig. 4) should prevent the hydrometer from sinking

completely below the surface.^

^ 6. Accurate Adjustment of a Nicholson's Hydrom-

eter.— A mark is made near the middle of the stem

of the hydrometer and the load is altered, a centi-

gram at a time, until this mark is floated as nearly

as possible in line with the surface of the water. If

a glass jar is used, it is

better to sight this mark

by the under surface of

the water, as shown in

Fig. 6.

In the absence of

weights smaller than one

centigram, we estimate

and record fractions of a centigram as follows :

when the mark is floated exactly on a level with

the surface of the water, the fact is expressed by

placing a cipher in the third decimal place (be-

longing to the milligrams). If, however, a given

weight fails to sink the mark to this level, while

the addition of one centigram sends it as much

below the surface as it was before above it, half a

' A sheet of cardboard or metal with a hole in the middle, is rec-

ommended by some authorities (see Pickering's Physical Manipu-

lation, Article 45) to serve as a guide, and at the same time to

prevent the weights from falling into the water. A student relying

upon this safeguard is apt, however, not to acquire a sufficient degree

of skill to prepai-e him for the manipulations of a delicate balance.

(Exps. 6-14.')

Fig. 6.
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centigram or 5 milligrams is obviously the weight

to be added ; hence the original weight should be

followed by a 5 instead of a in the last place.

Thus if with 25.99 g. the mark is 2 mm. above the

surface of the water, and with 26.00 g. it is 2 mm.

below it, the weight sought mast be 25.995 g.

Again, if the lesser of two weights differing by

one centigram is evidently nearer than the other

to the weight desired, we substitute a figure 2 or

a 3 for the 5 in the last place, or if the greater

weight is more accurate, we write a 7 or an 8 in-

stead. Any distinct information of this kind should

always be recorded when possible, by means of a

figure in the last place, even if that figure be ex-

tremely doubtfoal (§ 55). Closer estimates will

hardly be justified in the case of a Nicholson's

hj'drometer.

^ 7. Effect of Temperature on a Nicholson's Hydrom-

eter.— The temperature of the water in the jar is

now taken. The water is then cooled with ice to

about 10°, and the weight required to balance the

hydrometer is determined as before, with a new

observation of temperature. Then the jar is filled

with tepid water (at about 30°) and the experiment

,is repeated. A comparison of the different results

shows how much the buoyancy of water is affected

by temperature. For this purpose the observations

which we have now obtained at three different tem-

peratures are to be represented graphicall}' on co-

ordinate paper by three points, A B and C, as

explained in § 59, and through these points the
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curve A B C is to he drawn with a bent ruler.

(See Fig. 7.)

The ambitious student may supplement this ex-

periment by using water hotter thaii 30° and colder

than 10°, also water at. iutermediate temperatures.

He will thus obtain data for plotting a more com-
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EXPERIMENT III.

WEIGHING WITH A HYDROMETER.

^ 8. Determination of 'Weight in Air by a Niobolson's

-Hydrometer.— From the results of Experiment 2 it

is possible to find (see § 59) the weight necessary

to sink a hydrometer to a given

mark in water of any ordinary

temperature. It is obviou.s that

in all determinations with a

Nicholson's hydrometer, the tem-

perature of the water must be

observed at the time of weighing.

To find the weight of a body,

place it in the upper pan (a, Fig.

8), and with it enough weights

from the box to sink it to the

same mark as before. Evidently

less weight will be required

than at the same temperature

without the body, and the dif-

ference will be equal to the

weight of the body in question.

^ 9. Reasons for Neglecting Corrections for the

Buoyancy of Air.— Since the air buoys up boththe

brass weights and the body used, the result of this

experiment is what we call the apparent weight of

the body in air (§ 65). The amount of this buoy-

ancy depends (see § 68) in one case upon the density

of the brass weights, in the other ease, upon that of

Fig, S.
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the body in question ; hence if these two densities

are approximately equal, the air will exert nearly the

same force in both cases. The result, obtained as

we have seen by difference, will not therefore be

affected to an appreciable extent.

For the. purposes of this and other experiments

which follow, we choose ten steel balls, perfectly

round and uniform in size, such as are used in the

bearings of the front wheel of a bicycle. The density

of these balls (7-8) is not far from that of the brass

^eights (8'4), and it will be seen by reference to

Table 21 that the correction for the buoyancy of

air may be wholly disregarded.

EXPERIMENT IV.

WEIGHING IN WATER WITH A HYDROMETER.

^ 10. Determination of Specific Gravity by a Nich-

olson's Hydrometer.— The steel balls used in the last

experiment are now to be placed in the lower pan of

the hydrometer (l. Fig. 9), which is lifted by the

stem out of the water for this purpose. The instru-

ment is then balanced with weights, and the tem-

perature of the water observed as in the last two

experiments.

In lowering the hydrometer into the jar, care must

be taken to remove with a camel's-hair brush all

bubbles of air from the steel balls, as well as from the

sides of the hydrometer, and also, of course, not to

spill any of the balls. In the adjustment of weights
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the same precautions must be used as in the last two
experiments. We have already obtained the weight

of the steel balls in air (*[[ 8) ; we find similarly their

weight in water from the results

of Experiments 2 and 4, and

finally their apparent specific

gravity (see § 66).

*f 11. Use of the Methods of

Substitution and Multiplication.

— It will be noted that in Ex-

periment 3 the unknown weight

of a body takesj the place of a

known weight of brass used in

Experiment 2 ; the one is in fact

substituted for the other. The

method of finding the weight of

a body by a Nicholson's hy-

drometer is therefore essentially

a method of substitution (§ 43). This statement

also applies to the determination of weight in water

b}'^ the same instrument ; for the weight of a body in

water is here substituted for a known weight of brass

in air. The errors committed with a Nicholson's hy-

drometer depend upon the peculiarities of the instru-

ment itself, rather than upon the quantities weighed.

We are in fact liable to the same error in weighing

one bicycle ball as in weighing ten. The proportion

which the error bears to the total quantity weighed is,

however, diminished when this quantity is increased.

The use of a large number of bicycle balls for the

determination of specific gravity in Experiments 3
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and 4 is a good example of the accuracy gained by

the method of multiplication (§ 39).

^ 12. Corrections Disregarded in Experiment 4. —
In the last experiment we disregarded the effects of

the buoyancy of air on the sUsel balls and on the

brass weights, because these effects were so nearly

equal, both being in air. Here, however, the balls

are in water and the weights in air.

There is, thereTore, nothing to compensate, for the

buoyancy of air on the brass weights. It is seen by

reference to § 65 that 7 grams of brass are buoyed

up by the air with a force of about X milligram ; and

as a Nicholson's hydrometer can float only about 4

times 7, or 28 grams, the effect of buoyancy on the

weights cannot be greater than 4 milligrams. This

error may generally be disregarded in comparison

with the errors of observation. The manner of

applying a correction for the buoyancy of air is ex-

plained in Experiments 8 and 9, also in §§ 65-68.

In calculating apparent specific gravity, no correc-

tions need be taken into account; but the result

should be expressed as the apparent specific gravity

of a given body at a given temperature referred to

water at a given temperature. The result will be

affected somewhat by the density of the air, but

hardly to a perceptible extent. The student is ad-

vised, as a matter of habit simply, to note the condi-

tions of the atmosphere in which his weighings are

performed (see Experiment 5).
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EXPERIMENT V.

'/

'/

ATMOSPHERIC DENSITY.

^13. Determination of Barometric Pressure.— The
thiee couditions "of the atnios^here'wh'ich alEfect the

•results of physical measurement are barometric press-

ure, temperature, and humidity'. Let iis first con-

sider how barometric pressure is observed. A very

rough but serviceable fonn of mercuriiil barometer

consists simply of a glass-tube (a 6, Fig. 10), vvliich,

having been filled with mercury,^

is inverted in a cistern of mercury

(6). The mercury sinks in the

closed end of the tube to a level

a, above which there will be a

nearly perfect vacuum.^ As there

is no pressure at a', to conritef-

act the atmospheric pressure be-

low, the mercury stands in the

tube at a level (a) above the level

(5) in the cistern. It is found by

experiment ^ that the atmospheric / |
pressure is transmitted tfirough *

the cistern of merciiry and the

open end of'the' tube to' a point^ J, on a level with

the surface of the mercury' in the cistern. The
atmospheric pressure is accordingly determined by

1 The tube and the ' mercury must be perfectly clean and dry.

For cleaning mercury, see Pickering's Physical Manipulation, I. 9.

^ The " Torricellian vacuum." » See § 62.

2
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the length, a b, of the column of mercury which it

sustains.^ The distance a b can be measured by

means of a graduated wooden rod, by which the tube

is supported in a vertical position. The level b is

first sighted in the ordinary manner with care to

avoid parallax (§ 25) ; and the reading thus found

is subtracted from that of the level a, obtained in a

similar manner (see § 32).

In the case of a standard mercurial barometer the

lower end of the column of mercury should always

be looked at first, else a considerable error is likely

to arise (§ 32) ; for even when the barometer ends in

a large cistern of mercury, the level in this cistern

must vary somewhat as more or less mercury rises

into the tube. In some barometers this rise and fall

is compensated by turning a screw (^d. Fig. 11).

This raises or lowers the mercury in

the cistern, and when a certain steel

or ivory point (a, Fig. 11), just touches

its own reflection, the level of the mer-

cury is known to be at the right height.

When the lower end of the mercurial

column in the tube has been thus ad-

justed, the height of the upper end is

usually read hy a movable sight, pro-

vided with a vernier (§ 40). The lower

edge of the sight is to be set on a level

with the highest part of the mercurial column, so as

to appear to be tangent to the meniscus or curved

surface of the mercury (Fig. 12, a). To avoid par-

1 See § 63.

Pig. 11.
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allax (§ 25), a double sight is frequently used, con-

sisting of two edges in the same horizontal plane,

one in front of, the other behind the mercurial

column. The student should find by direct

measurement whether the distance from the

zero-point (a. Fig. 11), to the lower edge of

the sight (a, Fig. 12) is indicated correctly

upon the scale of the barometer. If the

reading of the barometer is in inches, it

may be reduced to centimetres conveniently

by Table 16. *'"« i^-

Aneroid barometers are generally constructed so as

to agree very closely with mercurial barometers.

They will be found accurate enough for correcting

the results of most physical measurements. If an

Aneroid barometer is to be used, the student should

compare its indication with that of a mercurial baro-

meter, determined as explained above.

^ 14. Corrections of a Barometer.— A small quan-

tity of air almost always finds its way sooner or later

into the space above the mercury in a barometer (a.

Fig. 10), where it causes a slight depression of the

column. To test a barometer for air, we tilt the tube

a h (Fig. 10) into a new position a' b, being careful

to keep the mercury in the cistern at a constant level,

b, either by raising the cistern or by adding more

mercury to compensate for that which flows into the

tube. In the absence of air, the mercury should

follow the horizontal line a a', and should completely

fill the tube when the inclination is sufficiently in-

creased.
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A simple way of correcting for air in a barometer

is to adjust the anglea' b a, (Fig. 10) by trial, so that

the space, above, a' is lialt'i that above a.. By thus

reducing the air to half its original volume, the

pressure will ;be doubled ; i" hence :a' will be as much
below a as a igrbelow its proper level. By measuring

the difference between the levels, a. and a', we find

accordingly, the correction for air. , A. correction of 2

or 3 mm. maybe disregarded, as it will.probably.be

offset by other corrections' which the. accuracy of the*

instrument will not justify us in considering. In,

case the correction is i much larger than this, the ba-

rometer should be refillediwith mercuiy. The filling'

of a standard barometer should bci attempted only by

a skilled workman. Unless perfectly free from air,

such a barometer is little, better than the rough instru-

ment shown in Fig. 10.

In all exact readings of i a barometer; the three

following corrections are usually. applied : (a) for ex-

pansion, (b) for capillary, depression, and;(e) for thre

pressure of mercurial vapor .^ The temperature of

the mercury in a barometer is found by a thermometer

beside it. Let t he this temperature, reduced if

necessary to the Centigrade scale (see Table 39),

and let h be the height in centimetres of the mer-

curial column ; then the correction for expansion is

.00018 ht, which is to be subtracted from the ob-

served height. The object of this correction is to find

1 This follows from the law of Bo.yle and Mariotte (§ 79).
2 The reduction of a barometric reading " to the sea level " is not

required for the purposes of physical measurement.
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how 'high the mercury would staad if its temperature

were 0° Centigrade. Siuce 1 cm. of mercury when

heated 1° Centigrade expands 'by the amount .00018

am. (see Table 11), hem. would .expand h times as

much; and A cm. heaited ^° would expand ht times as

much, whence we obtain the correction in question.

At the ordinary 'temperature of a room (20°), and at

the barometric pressure, 75 cm., this correction for

expansion would be -.00018 X 20 X 15cm.-= 2.7 mm.

It is therefore useless to read a barometer (as is often

done) to tenths or hundredths of a millimetre, when

no correction for temperature is made. The correc-

tion given above ;may be applied to bai-oiiieters with

wooden or glass scales, the expansion of which may
be ;ne,glected. When, however, the body of the in-

strument iconsists of steel, the coefficient .00017

should be used instead of .00018 ; and if the barome-

ter is mounted in brass or white metal, the factor

.00016 will be still more accurate. These numbers

represent the diffei'ence of expansion between the

mercury and the scale by which it is measured. For

more accurate values see Table 18 a.

When the tube of a barometer is less than a centi-

metre in diameter, there is foiund to be a perceptible

depression iof the merciarial column due to " capillar-

ity," or "smrface tension," tJhe genei^ail nature of

which will be investigated farther in Experiment 67.

The internal diameter ^of the tube should be found if

possible by measuring a plug which fits it in the pait

where the column of mercury ends (see a, Fig. 10).

A different method of calibration will be considered
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ill Experiment 26. When the internal diameter is

known, the correction for capillarity may be found

roughly from Table 18 b. Thus for a tube 5 mm. in

diameter, in which the height of the mercury menis-

cus is unknown, the capillary depression may be taken

as 1.5 mm. In various barometers which are con-

structed so that the internal diameter cannot be

measured, we generally assume that the instrument-

maker has allowed for capillarity in adjusting his

scale, and we therefore neglect this correction. It is

customary, also, to neglect the effect of capillary

phenomena in the cistern of mercury.

Owing to the evaporation of mercury into the

space above it in the tube of the barometer, that

space is never quite empty. The quantity of mer-

curial vapor which it contains is found to increase

when the temperature increases, and also the press-

ure which it exerts. To allow for the slight de-

pression of the mercurial column due to this cause,

Table 18 c has been constructed from the results of

actual observation. Thus for a temperature of 20°,

we find that the mercurial column is depressed to the

extent of 0.02 mm. by the pressure of its own vapor.

We have found in a particular case that 2.7 mm.

should be subtracted from the observed height of a

barometer on account of expansion ; that 1.5 mm.
should be added for capillarity and also 0.02 mm. to

offset the pressure of mercurial vapor. The resulting

correction is 1.18 mm., to be subtracted ; or let us

say, — 1.2 mm. nearly. The student who employs a

mercurial barometer should find in the same way an
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average correction for it. If an Aneroid is used,

such a correction is found by comparing one reading

at least with the corrected reading of a mercurial ba-

I'ometer. In the course of experiments which follow,

readings of the barometer are needed only for slight

corrections in the results of physical measurement.

By applying to the barometer an average correction,

much labor will be saved, and the error introduced

will be insignificant.

^ 15. Determination of Atmospheric Temperature and

Humidity.— The temperature of the air of a room

may be determined, with a sufficient degree of ac-

curacy for most purposes, by an ordinary mercurial

thermometer, the reading of whichv may be reduced

from the Fahrenheit to the Centigrade scale by Table

39. The thermometer should be brought as near as

may be practicable to the place where the tempera-

ture is required. It should, for instance, be inside of

the balance case in very delicate weighings. It must

not, however, be exposed to the rays of the sun, nor

for any length of time to the heat radiated by a lamp

or by the human body. When the greatest accuracy

is desired, the bulb of the thermometer should be

protected froni radiation to or from surrounding

objects, by a shield of polished metal.

The humidity of the atmosphere is most convene

iently determined by a class of instruments of which

the hygrodeik is an example. The indications of

these instruments depend upon the cooling produced

by evaporation (see § 88). It is found that when

the bulb of a thermometer is covered with wetwicking
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Fig. 13.

(a, Fig. 13), its reading differs from that of an oicdi-

iiary thennometer (J) ,by an .amount depending upon

the dryness of the air. W^hen the air is completely

sa,turat^d with moisture, as in a

dense fog, there ,i,s ,no evaporation

from jjhe w;^t bulb, hence the two

therniometers agree; if the air,

,ho,weyer is iie^ted, the fog disap-

pears, evaporation begins, and

the _wet-bulb dogs not rise so

high fis .tlxe drj-.-bulb thermo\nft-

,ter. On ,the o,theJ hand, Avhen

,the air ,of the rqom is cooled

sufficiently, either fog is if^rnied

or dew is precipitated qn var,ious objects ; and ,the

two thermometers again agree. The temperature at

which :t^is occurs is called the deYt^-poiut, a^id is cal-

culated fi;om tjhe readings of ,th,e we(t and dry-bulb

tliermo.meters by reference to Table 15, or by a spe-

cial mecbaniqal deviqe, for the operatipii of whjich

directions are usually furnished by tl^e instrument-

maker.

^ 16. Observation of the Dew-point.— Unless a hy-

grodeik is ki;iQwn ,to give accurattje indications, the

latter should be confirmed by a direct determijaatipn

of the dew-point, as foUo.ws : a p.olish,ed metallic

vessel is partly filled with water, ^n,(J as much ice

and salt are added as may be necessary to m.^ke a

film of moisture condense on t^e surface. The tem-

perature at which this first occurs is just below the

dew-point. Soon, howevej', the conteUjts of the ves-
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sel become warmer through ^contact with the air,, and

the fihn begins to disappear. The temperatuve is

now a little abpiv.e ,the (le;W-;poin]b. By observ'ing

carefully a |:hesrmqmeter with whiph the cpld con-

tents of the vessel ^re .cQutinually stirred, ^he dew-

point m9,y he id^^teEmined within ftwo limits,.differing

by less than,one-degree.

Care mustihe^taken not to breathe on the metallic

vessel, since ^he (breath is ;muqh damper than the air

of the .room ; ;and ;as there is -more or l€«s evaporation

from all ,parts,of fthe huwaii body, even the hand

shoiild be kept as far away a^ ;possible.

^ 17. Relation of ^Qlat;ive Humidity to Dew-point.

The actual amount of ijipisture in a .given quantity

of air has been determined by extracting it through

-the action of -cer^a^in hygroscopic substances, such as

chloride .of
,
calcium, a,n^ measuring the gain,in their

w;eight. It is /ouaid that hot air can hold more

moisture without forming fog than cold air. We
have a common instance in the air of a room which,

though apparenl^ly dry while warm, deposits moisture

upon the .windowrpanes by which it is cooled.^ The
ratio of the amjOi^tnt of moisture actually held in the

air (at a giyen te..mperature) to the maximum amount
(.which can |be held at that temperatur,e) .is .called

the relative hjimidity ,of the &iv. The relations be-

tvvjeen temperatnre, dew-point, and relative humidity

do not follow any sijmple law ; but if any two of

these quantities are given, the third may be found by

1 For a further illustration see list of Experiments in Elementary

Physics, published by Harvard XJjaiv^|,ijty, Exercise 22.
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referring to Table 15, containing the results of various

experiments.

It may be noted that the dew-point depends solely

upon the amount of moisture in the air ; that dry

air has a lower dew-point and less relative humidity

than moist air at the same temperature, while for a

given dew-point the relative humidity increases with

a fall of temperature, until fog is finally formed, or

decreases as it becomes warmer until the air is prac-

tically dry. It should also be noted that dry air is

denser than moist air. We must regard the latter as

a mixture of air, not with water, but with steam,

which is only about two-thirds as heavy as air.

Hence in Table 20 the correction for moisture is

negative.

^18. Determination of Atmospheric Density by

means of a Barodeik.— From the temperature, pres-

sure, and humidity of

the atmosphere,.the de-

termination of which

has been explained

above, the density of

air may be calculated

by the data of Tables

19 and 20. Whenever

great accuracy is de-

sired this calculation

must be performed.

For most purposes, however, the density of the at-

mosphere may be found from a single observation of

a baiodeik (Fig. 14), the principle of which is spoken

Pig. 14.
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of in § 71. It is important to compare the indication

of the instrument in at least one case with the calcu-

lated density of the atmosphere. A reading of the

barodeik should accompany every weighing in which

more than three figures are to be preserved, except

when the pressure, temperature, and dew-point have

been determined.

EXPERIMENT VI.

TESTING A BALANCE.

^ 19. Manipulation of a Balance.— The delicacy

of a balance depends upon the sharpness of the

knife-edges (a and ' c, Fig. 15) from which the pans

are suspended, also upon the sharpness of the central

knife-edge (6) upon which the beam (a c) turns. In

order that these edges may not become dull, the pans

should be supported by some mechanical device at all

times except when an observation is actually being

taken. It is particularly important that they should

be so supported when they are being loaded or uia-

loaded, or when the balance is liable to be jarred in

any other manner. In an ordinary prescription bal-

ance (Fig. 15), the pans rest upon the bottom of the

case when the instrument is not in use. Such a

balance is thrown into operation by turning a milled

head outside of the case. The beam is thus raised as

slowly as possible, so as not to injure the knife-edges

by suddenly throwing weight upon them. It is not

necessary in every case to raise the beam as far as it



28 THE B'ALANGE. [Bxp. 6.

will go. A^ soon as tbe pointer mows decidedljto

one side or iljhe At-hei;, the bfiana should he slowly

lower:ed again. Jn other cases a prolonged observa-

tion of rthe pointer must be made .in ovdex to decide

in which dii;ection the beam tends to incline. During

suflh observatifllis the beam should ^be raised to its

fullest extent. Whenever accuracy is deair^d, the

door of the balance case shpuld be eJosed, in order to

cut off currents of air ; in fact, the door should never

be opened except when the purposes of manipulation

actually require it. This precaution is neoessaii-y to

protect the jnstrHment from moisture and dns.t, and
is especially important when the ,air within the bal-

ance C3,se is kept artificially dry by chloride of cal-
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ciiim or other hygroscopic- material. The glass case

should.be cleaned when necessary with a damp cloth,

to avoid charging it with electricity.^'

Before weigHing. with a bala'nce the case should be

levelled . and firmly supported, the scale-p'aMS should

be scrupulously cleaned and returned to their places,

and any dust which may have collected on the knife-

edges or their; bearings shonldbecautiously remioved'

with a camel's-h'air brush. The beam is now thrown

'into operation by th:& mechanism already "alluded to.

If the instrument is correctly adjusted, the pointer

attached to the under side of the beam will oscillate

slowly and for some time through^ nearly equal arcs

oil eitber side of the. central division of a scale

(/, Fig. 15) directly behind it. If' it tends to one

side, that side, is the^ lighter ; and bits of paper or

tinfoil should be fastened to thfe scale-pan^ until an

exact balance is established.^

In loading the pans,' pincers should be used as

much as possible; In the case of the smaller weights,

especially, contact with thefingers should be avoided.

It "makes no difference, theoreticallyi where the loads*

in the pans are placed'; b^itmany practical difficulties

will be avoided by keeping them, as nearly as possible

in the centre. Both loads should be at- the same

^ By rubbing the glass at one sid^ of ' a balance case with a

piece of silk, a considerable error may be introduced into a weigh-

ing. Tlie student should be cautioned, in general, against the effect

of charges of electricity on delicate instruments. An eyeglass

rubbed on the sleere has been known to cause serious errors in

physical wieaaurettient.

'

2 See, however, first footnote, T 26.
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temperature as the air within the balance case ; for

though heat weighs nothing, a hot body may be

lifted slightly by upward currents of hot air around

it. With non-metallic loads we should avoid friction,

which, as we have seen, may generate charges of

electricity. When magnetic matter (as iron or steel)

is to be weighed, all magnets (§ 126) should be re-

moved from the immediate neighborhood. In an

actual weighing, the scale-pans should be prevented

from swinging, both on account of currents of air

and because of the irregular motion given to the

pointer.

^ 20. Method of 'Weighing by Oscillations.— The

reading of a pointer is usually taken while it is in

motion, since much time would be lost in waiting for

it to come to rest, and even then friction might stop

it somewhat on one side of its true position of equi-

librium. While in motion the pointer swings first to

one side of its position of equilibrium, then to the

other. The furthest point reached in a given swing

to the right or to the left is called as the case may be

a right-hand or a left-hand turning-point. Owing to

friction, each swing is smaller than the one before it

;

hence the position of equilibrium is not exactly mid-

way between any two successive turning-points. To

avoid errors from this source we adopt the following

rule : observe any odd ^ number of consecutive turning-

1 The object of making an odd number of observations is that the

first and last may be on the same side ; for in this ease the turning-

points on one side are on the whole neither earlier nor later than on

the other side, and the gradual diminution of the swing affects each

average alike.
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points; find the average of those on the right and the

average of those on the left ; add these averages algi-

hraically and divide hy 2. The result is the point

about which the oscillation is taking place, and at

which the index tends eventually to come to rest.

It is convenient for many reasons to call the middle

scale-division number 10, not 0, since otherwise plus

and minus signs must be employed. In practice it

is sufficient to observe three consecutive turning-

points of the index.

It is frequently impossible to balance a given load

exactly by any combination of weights which we are

able to obtain. Let us suppose that with a weight,

w, the index tends to rest at a distance from the

middle-point equal to x scale-divisions ; while with

the smallest possible addition of weight, a, it tends to

rest on the other side of the middle-point and at a

distance from it equal to g scale divisions. Then the

exact weigjit indicated for the load, /, is (see § 41),

lz= w -j-

The quantity x -\- y is called the sensitiveness of the

balance to the weight (a) under the load (V) ; and as it

occurs in all exact estimations of weight by interpola-

tion, it may be made properly the subject of further

investigation.

^ 21. Determination of the Sensitiveness of a Bal-

ance.— To test the sensitiveness of a balance with

the pans empty, after carefully adjusting it as sug-

gested in ^ 19, we add a small weight, let us say 2 eg.
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to the left hand pan. Instead of swinging about the

middle scale-division, which we have agreed to call

number 10, it will swing about" a ne\v^ point' corres-

ponding, let' us say, to number 12-6 on the scale'. This

would show that the balaiice is sensitive to the extent

of 12'6 — 10, or'2-6' divisions for 2' eg:, dr 1-3 divisions

per eg., when the pan's contain little or no load besides

their own weight. This fact is recorded by making

a cross (as in Fig. 16) on a piece of cb-ordinate

paper at the right of

^ the number 0, repre-

senting' the load, and'

below the number

(1-3) represeriting the

sensitiveness * in ques-

tion.

We now place, let us

say, 20 grams in each

pan, and find as before the sensitiveness per centi-

gram. It will not necessarily be the same as when

the pans are empty; in fact, a difference is almost

always observed.^ The sensitiveness is then found

with 50 grams in each pan, and finsilly with 100 grams

in each pan. Thus, in an actual case, a balance which

was sensitive with the pans empty to the extent of

1-3 divisions per eg., was affected to the extent of 1-6

divisions per eg. with 20 g. in each pan, 1-4 divisions

1 It will be shown in IT 22 that the effect of a load on the sensitive-

ness of a balance cannot be anticipated ; hencie the student who

records faithfully what he sees, not what he expects to see, will here

as elsewhere in Physical Measurement, be likely to obtain the most

accurate results. (See § 30.)
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per eg. with 50 g. in each pan, and 1-2 divisions per

eg. with 100^. in each pan. These results are re-

corded, as before, by crosses in the proper places

(see Fig. 16), and a curve is drawn by a bent tuler

through these crosses. This curve enables us to find

approximately the sensitiveness of the balance un-

der any ordinary load by the method explained in

§ 59.

When we know the sensitiveness (s) of a balance

to 1 eg., a single observation of the pointer is suf-

ficient to determine exactly the weight indicated.

If w is the lighj;er weight (in the pan toward which

the pointer inclines) and x the number of scale-

divisions between the resting point of the index and

the middle of the scale, the load (J) indicated is

found by substituting s for x -\-y and .01 for a in the

formula of ^ 20 ; or

,
,

.01 a;

8

^ 22. Conditions on -which the Sensitiveness of a

Balance Depends.'— In order tliat a balance mdtj move

perceptibly under the influence of a very small

weight added to either pan, the central knife-edge

(b, Fig. 16) on which the beam turns must not only

be sharp (% 19), but must pass nearly through the

centre of gravity. If the centre of gravity is above

this knife-edge, the balance will be "top heavy."

This difficulty must be remedied by attaching a bit

of sealing-wax to the pointer below the knife-edge b,

or by lowering the centre of gravity in any other
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manner.^ If on the other hand the centre of gravity

is too low, the balance will be too steady, and it will

not respond suiBcieritly to a small change in the load.

In this case it is necessary to fasten a small weight

to the balance beam, somewhere above the knife-

edge b, or otherwise to raise its centre of gravity.

When the balance-pans are loaded, new considera-

tions come in. Since in all positions of the beam the

loads hang vertically beneath their respective knife-

edges, the result is the same as if they were concen-

trated at those knife-edges. Let us suppose that the

instrument has been adjusted so as to be suiSciently

sensitive when the pans are empty. In order that

it may remain equally sensitive when loaded, the

three knife-edges must be in the same strsught line,

as iu A, Fig. 17. If the two outer knife-edges wbich

a fr C

i

bear the loads (see a", e" in (7) are distinctly above

the central
.
knife-edge (6"), the combined effect of

the loads will be towards unstable equilibrium ; or if

the outer knife-edges (see a', </ in 5), are below the

central knife-edge (6'), the combined effect of the

loads will be to steady the balance, and hence to

diminish its sensitiveness. There are therefore three

types to which a balance beam may belong, repre-

1 A movable screw or counterpoise is provided in some balances
for the purpose of raising or lowering tlie centre of gravity.
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sented by the three diagrams, A, B, and C. In the

first, the load does not affect the sensitiveness, except

in so far as friction may be concerned ; in the second,

it lessens it ; in the third, it may increase the sensi-

tiveness until the balance actually becomes " top

heavy."

A common balance may belong successively to all

three of the types, C, A, and B. Let us suppose that

with the pans empty the extremities of the beam are

bent upward, as in 0. With a medium load, the beam

may be straightened, as in A, and with a still greater

load the ends may be bent downward, as in B.

Such a balance would be more sensitive with a

small load in each pan than when the pans were

empty ; because a small load, being insufficient to

straighten the beam, would raise its centre of gravity*

as in Q ; but when already heavily loaded, so that

the beam is bent downward as in B, the further

addition of weight would lessen its sensitiveness.

The curious shape of the curve found in the last

section (Fig. 16), is thus accounted for.

^ 33. Determination of the Ratio of the Arms of a

Balance. —^ The balance is now readjusted if necessary

as in ^ 19, so that the pointer swings accurately

about the central division of the scale when the pans

are empty, and the 100 gram weight is balanced

against its equivalent as before, only that small

weights are added to one side or to the other to

1 A balance, though stable with a heavy or with a medium load, as

well as when the pans are empty, may actually become "top heavy,"

with a small load in each pan. In such a case, the centre of gravity

should be permanently lowered.
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bring the pointer as nearly as possible to the central

division, and the exact weight estimated as in ^ 21,

considering as the load, Z, that weight which is ap-

parently the larger. The loads in the two pans are

now interchanged, readjusted by the use of the small

weights, and compared exactly as before. The pans

being once more emptied, the pointer should swing

about the central division, otherwise the balance must

be readjusted and the process described in this sec-

tion must be repeated until the equilibrium of the

balance remains undisturbed.

The object of testing the balance, as above, with

equal weights in the opposite scale-pans, is to discover

any inequality which may exist in the length of the

balance arms (a b and b c, Fig. 17). Such an inequal-

ity might seriously affect the accuracy of results, and

we have no right to neglect it even in ordinary.weigh-

ings without some test similar to the one described.

It is true that by the method of double weighing

(see § 44), errors due to the inequality of the balance

arms may be eliminated ; but double weighings are

sometimes impracticable, as in the case of a body of

variable weight, or in a very long series of determina-

tions. In such cases the inequality of the balance

arms should be found by a careful and extended series

of observations. For the purposes of this course of

experiments, a single determination will suffice. The

ratio of the balance arms is calculated therefrom as

explained in the next section.

^ 24. Calculation of the Ratio of the Balance Arms.

— If the arms of a balance are unequal,, it is irapor-



ir24.] RATIO OF THE BALANCE ARMS. 37

tant to know from which arm the unknown weight is

suspended. To avoid the necessity of mentioning in

each case the pan containing the load in question, it

is customary to place the unknown weight at the

left hand whenever a single weighing is to be made.

In this way the known weight, consisting generally

of several small pieces, is conveniently adjusted by

the right hand.

To find the proportion which the weight on the

left arm always bears to the weight on the right arm,

we need only a single comparison between two known

weights. As these weights are inversely as their

respective arms (see § 113), the proportion in ques-

tion is equal to the ratio of the right arm to the left

arm. Thus if (in an extreme case) 101 grams in the

left-hand pan balance 100 grams in the right-hand

pan, the right arm must be -|^^ or 1.01 times as long

as the left arm. All weights in the left-hand pan are

therefore 1% greater than those which balance them

in the right-hand pan ; hence to find the value of

an unknown weight in the left-hand pan we multiply

that of the known weight in the right-hand pan by

1.01. The ratio of the balance arms is in general that

number by which the known weight must be mul-

tiplied in order' to find the unknown weight which

balances it. We usually Tequire, as we have seen,

the ratio of the right arm to the left arm. This is

found by dividing a known weight in the left-hand

pan by a known weight in the right-hand pan which

balances it.

The object of interchanging the two weights in
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^ 23, each nominally equal to 100 grams, is to avoid

mistakes arising from a difference between the two

weights in question. If no such difference exists,

the interchange will not affect the result. Otherwise

to find the ratio of the balance arms, we take the

average of the two weights in the left-hand pan, and

divide it by the average of the two' weights in the

right-hand pan. In taking these averages we accept

the nominal values of the weights in question, any

errors in which are practically eliminated by the

method of interchange (§ 44) here adopted.

EXPERIMENT VII.

CORRECTION OP WEIGHTS.

^ 25. Process of Testing a Set of Weights,— The

brass 1 gram weight is first balanced against all the

smaller weights, which should together be equal to

1 gram ; then each 2 gram weight against the 1 gram

plus the smaller weights ; then the 5 gram weight

against the two 2 gram weights plus the 1 gram

;

then in the same way the 10, 20, 50, and 100 gram

weights, each against its equivalent. Whenever

there are two ways of making an equivalent, that

selection is made by which the fewest weights may
be employed. (See § 36, 2d ed.) The 100 gram

weight is finally balanced against a standard.^ In

1 The standard should be of the same material as the set of weights

employed, that is, of brass ; but if any other material is used, a cor

rection must be made for the unequal buoyancy of the atmosphere,
upon the loads in the two pans. See § 67 and Table 21.
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each case, where two weights are balanced, the differ-

ence between them is estimated by the method of

vibration (^ 20), and recorded as will be explained

below. To avoid corrections named in the last ex-

periment, the method of double weighing is iised in

every case.

^ 26. Estimation of Tenths in "Weighing, — In a long

series of weighings, as in testing a set of weights, it

is hardly thought to be advisable (see, however, § 33)

to record each turning-point of the index as in ^ 20.

The student who wishes to make any extended use

of the balance should learn to estimate correctly the

point of the scale about which the index is swinging,

and hence the number of divisions from the middle

of the scale ^ to the point where the index tends to

rest ; to carry this number in the head while finding

by inspection of figure 16 (see ^ 21 and § 59) the

sensitiveness of the balance under the load in ques-

tion,^ and to divide mentally the number thus carried

in the head by that representing the sensitiveness of

the balance, or the effect of 1 eg. (See general rules

for interpolation, § 41.) He will thus find the frac-

tion of a centigram necessary to make the index

swing about the middle-point of the scale, and will

1 Instead of adjusting the balance as in IT 19, so that the index

may swing about the middle-point of the scale, the advanced student

may often prefer to observe accurately the point about which the

Index actually oscillates when the pans are empty, and to measure all

distancesfrom this point.

2 It is sometimes quicker to add one centigram to the lighter pan,

and thus to re-determine the sensitiveness. In many cases the sen-

sitiveness may be recalled from memory with a suflBcient degree of

exactness.
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record the number of milligrams nearest to that frac-

tion with the propef algebraic sign.

Thus if with a weight marked 10 g^ in the left-

hand pan and with 10 gi. in the right-hand pan, the

index swings about a point corresponding to 10-3 of

the scale,— that is, 0-3 divisions to the right of the

middle-point,^ and if the sensitiveness of the balance

with a load of 10 grams is about 1'5 divisions per

centigram (see Fig. 16, ^ 21), the weight 10 g^ is

clearly heavier than 10 g^ by 0-3 -¥ 1'5 := \ eg. or 2

mgr. We record such an observation as follows

:

\^g,= \()g,^1mgr.

In the same way we enter the result of placing

10 g^ in the right-hand pan and 10 g^ in the left-

liaud pan ; and if there is any difference, we find the

average excess of 10 ^i over 10 g^., or the reverse.

^ 27. Calculation of the Corrections for a Set of

Weights.— Any one familiar with algebra can find

the relations existing between the different weights

of a set from a series of equations obtained as in the

last section. The following suggestions may how-

ever be useful. Call the value of the 1 gram weight

G : find the total value of the smaller weights (100

eg.) in terms of this. For instance, let

100 c^.= G -{- 1 mgr.

Then find the value of the 2 gram weights, 2 g^ and

2 (/j in terms of G. If for example,

1g, = 100 c^. -{- G— 1 mgr.,

we find, substituting for 100 eg. its value, G + 1 mgr.,

2^,= G + 1 mgr. + G — 1 mgr. == 2 G;



IT 27.] CORRECTION OF WEIGHTS. 41

and if still further, it has been observed that

2^2 = 2^1+ 2 mgr.,

we find similarly

2 ^fj= 2 G+ 2 mgr.

Again, if by observation

55^= 2^^ + 2^2+ + 1 mgr.,

we have

5 5r-=2G+ 2G+2m^r. +G+ lm^r.

= 5 (t + 3 mgr.

In the same Way we find the values of all the weights

in terms of G, until we come finally to the standard.

Knowing the standard in terms of G, we find G in

terms of the standard. The corrected value of G
should be expressed in grams and carried out to five

places of decimals. Substituting this value in all the

equations, we obtain finally the correction in mgr.

for each weight belonging to the set from 1 gram

upwards.

This method of framing and reducing equations is

not peculiar to a set of weights. The student may
substitute for it, if he prefers, the correction of a set

of standard electrical resistances, which he will learn

how to compare in Experiment 87. The same method

may be applied to any other standards capable of

being arranged like a set of weights, so that each one

may be compared with an equivalent made up of the

others below it. The gfeneral principle by which

such a standard set is corrected is one of the best

illustrations of the method of multiplication (§ 39)

upon which nearly all measurements are founded.
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EXPERIMENT VIII.

WEIGHING WITH A BALANCE.

^ 28. Determination of Weight in Air by a Balance.

— The apparent weight of a body in air may be

found approximately, as has been explained in Ex-

periment 1, by placing it in one pan of a balance—
the left being understood unless otherwise stated

(see ^ 24) — and finding by trial (^ 2) the requisite

number of weights to counterpoise it. The accurate

determination of weight in air differs from this rough

method chiefly iu the delicacy of the instrument em-

ployed, and iu the consequent care of manipulation

(see ^ 19). In this, as in all other accurate deter-

minations with the balance, unless otherwise stated,

it is assumed that the method of weighing by oscil-

lations is employed (^ 20).

The object recommended for this experiment is a

glass ball, the weight of which will be needed later

on in the course. To prevent it from rolling out of

the pan, it may be set in the middle of a small ring

of known weight, which we will suppose to be coun-

terpoised with one of equal weight in the opposite

pan.

It is necessary in this experiment either to know

the ratio of the balance arms (see ^ 23), or to employ

the method of double weighing (§ 44) as in Experi-

ment 7. The density of air must also be determined

by an observation of the barodeik (^ 18), or by an

observation of the atmospheric pressure, temperature,
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and humidity (^1[ 13-15). We must also know the

material, and hence approximately the densities of

both the object weighed and the weights with which

it is counterpoised. These densities may be found

with a sufficient degree of accuracy by referring to

Tables 8-11. The correction of apparent weights to

vacuo is then made as explained in § 68.

EXPERIMENT IX.

THE HYDROSTATIC BALANCE, L

^ 29. Determination of the Density of Solids by

the Hydrostatic Balance.— An arch is placed over

a balance pan as in Fig. 18, so as not to inter-

fere with its free vibration ; and on the middle of

the, arch is set a beaker. The

glass ball weighed in the last ex-

periment is now bound in a net-

work of fine wire and suspended

by a single strand from the hook

of the balance, so as to clear the

bottom of the beaker. The latter,

being moved if necessary so that

its sides may not touch the ball, is

filled with a quantity of distilled ^^B
water sufficient to cover,^ in all

positions of the balance, both the

ball and its network of wire. AH bubbles of air

Fig. 18.

1 A small loop of wire, projecting above tlie surface,, may com-

pletely ruin a determination.
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clinging to the ball, or wire, must now be removed

with a camel's-hair brush. The suspending wire,

being likely to attract grease or other foreign matter

which repels water, is cleaned if necessary, so that

it may be kept wet for a distance of about one centi-

metre above the level of the water, by the continual

oscillation of the balance. The capillary phenomena

already noticed in ^ 5 are thus reduced to a small

and nearly constant amount.^

By these adaptations the instrument which we

employ has been completely transformed into a " hy-

drostatic balance," by which the vyeight of the ball

and wire in water may now be found, as in the List

experiment, by counterpoising it with weights in air

(see Fig. 15, ^ 19). The method of weighing by

oscillations is not, however, recommended in the case

of a hydrostatic balance ; but rather a direct obser-

vation of the pointer in its position of equilibrium,

which, owing to fluid friction, is quickly reached.

Apart from friction, the sensitiveness of a hydro-

static balance is always somewhat less than that of

the same balance when used for measuring weights

in air,2 and must therefore be re-determined by adding

a centigram to the smaller of the two loads when
nearly balanced and observing the result (see ^ 21).

In this, as in all experiments with the hydrostatic

1 The use of spirits of wine to diminish still furthet the capillary

action (Trowbridge, " New Physics," page 17), is not recommended to

beginners, on account of the danger of its mixing with the water and
thus affecting its density.

^ The yariable amount of water displaced by the suspending wire

tends to increase the stability of the balance.
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balance, the temperature of the liquid should be

observed both before and immediately after finding

the weight of a solid in it.

The weight of the wire in water must be found

separately in the same manner and under the same

conditions as before.^ The ball is removed from the

network of wire so as to leave the latter undisturbed

in so far as possible, and water is added to the beaker

in order that the same amount of wire may be sub-

merged in each case. It may even be necessary, if a

coarse wire is used, to adjust the level of the water

exactly to a given mark, and if the network is bulky,

to raise or lower the temperature of the water to the

same point as before. ,

The apparent weight of the ball in water is found

by subtraction, and reduced to vacuo by the principle

of § 67. The difference between the apparent weights

in air and in water gives the apparent weight of wa-

ter displaced (§ 66), and hence the volume displaced

(see Table 22). The difference between the weight

of the ball in vacuo (^ 28) and its weight in water

(reduced to vacuo as explained above) gives, by a

strict interpretation of the Principle of Archimedes

(§ 64), the weight in vacuo of water displaced, and

hence also its volume (by Table 2-3). We have thus

two methods of calculating volume, of which the first

is more generally useful, as it does not require any

previous reduction of weights to vacuo; but the

1 Precautions similar to those which follow are necessary when-

ever a method of difference is employed. For further illustration

see § 32.



46 THE HYDROSTATIC BALANCE. [Exp. 10.

second is more rigorous, because, depending upon

weiglits in vacuo, the results will not be affected by

variations of apparent weight due to changes in at-

mospheric density. The latter should therefore be

employed when any considerable time elapses between

the determinations of weight in air and in water.

The density (or average density) of the ball is finally

calculated (see ^ 1) by dividing its weight in vacuo

by its volume. (See ^ 4, also § 68.)

EXPERIMENT X.

THE HYDROSTATIC BALANCE, II.

^ 30. Determmation of the Density of Liquids by

the Hydrostatic Balance.— The experiment consists

essentially of a repetition of Experiment. 9, substitu-

ting, however, for distilled water some other liquid of

greater or less buoyancy.

Various modifications of this experiment may be

necessary according to the nature of the liquid used ;

for instance in the case of strong acids, platinum

wire must be substituted for iron, which would be

speedily dissolved, and even platinum cannot be

used in aqua regia. To avoid fumes in the balance

case, the suspending wire is sometimes carried down
through a series of small holes to a beaker below.

To avoid evaporation, in the case of volatile liquids,

the beaker should always be covered with cork or

cardboard perforated for the suspending wire. The
same precaution should be taken when moisture is
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likely to be absorbed. In some liquids scarcely any

bubbles are formed ; in others, such as glycerine, it

may take hours to remove them, though their forma-

tion may be prevented if the glycerine is poured in a

continuous stream down the sides of the beaker. In

most liquids the effects of temperature are greater

than in the case of water (see Table 11), hfence the

thermometer must be read with the greatest care.

It is well to warm or cool the liquid (and hence also

the ball) to the temperature of the water in Experi-

ment 9, to avoid all corrections for temperature.

^ 31. Calculation of the Density of Liquids by the

Hydrostatic Method.— We find in the same way as

in Experiment 9, the apparent weight of the ball in

the liquid, allowing for the wire as before ; and from

this we subtract the weight of air displaced by the

brass weights (see § 67), to find the true weight of

the ball in the liquid. The difference between its

true weight in the liquid and that in vacuo, already

found (^ 28), is equal to the weight in vacuo of the

liquid displaced. This follows from the Principle of

Archimedes (§ 64).

The volume of liquid displaced is of course equal

to the volume of the ball, which will not differ per-

ceptibly from the value previously determined (see

end of ^ 29) if the temperatures of the two experi-

ments are nearly the same. If this is not the case,

it is necessary to allow for an expansion or contrac-

tion of the glass, at the rate of about one part in

40,000 for every degree Centigrade. (See Table 8 h

and § 83.)
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The weight in vacuo of the liquid displaced is

finally divided by its volume to find its density.

The weight in vacuo may be checked by calculating

the apparent weight of the liquid displaced, as in Ex-

periment 9, then reducing at once to weight in vacuo

by applying the necessary factor from Table 21, as

explained in § 68, using the density already calcu-

lated. This latter method is slightly inaccurate, as

has been stated before (^1 29), on account of its dis-

regarding variations of atmospheric density during

the course of experiments.

In determining the density of water by the hydro-

static balance, the weight displaced may be found

as in Experiment 9 or 10 ; but the volume displaced

cannot be calculated in the manner explained above,

because the tables which we employ themselves de-

pend upon the density of water. It is necessary to

calculate the volume of the solid immersed from

actual measurements of its dimensions^ (see ^ 1).

By this method, essentially, with the aid of instru-

ments of precision, accurate determinations of the

density of water have been made (see Table 25).

The student will have an opportunity in Experiment

19, to confirm these determinations within the limit

of accuracy of the instruments which he employs.

1 The volume, v, of the glass ball may be calculated from its

diameter, d, by the formula, v = 5236 (P. In place of the glass ball

we may use, for purposes of illustration, the rectangular block whose

volume has already been determined in Experiment 1. If it floats

in water, a lead sinlcer may be attached to it. The sinker must

remain in place after the block is removed, in order that its weight

may be allowed for. A spring balance may be used to find roughly

the weight of water displaced. See Exercises 7-10 in the Descriptive

list of Experiments in Physics published by Harvard University.
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EXPERIMENT XI.

CAPACITY OP VESSELS.

^ 32. Determination of the Capacity of a Specific

Gravity Bottle.— Any bottle with a solid stopper of

ground-glass may be used for finding the specific

gravity of liquids ; but when solids are to be intro-

duced, one with a wide mouth will be needed. The

capacity of the bottle is determined in the following

manner. The bottle is first washed in perfectly pure

water, then dried with a cloth inside and out, and

afterwards still more thoroughly dried with a hot air-

blast.^ The weight of the bottle is found within a

centigram, then the bottle is alternately dried and

weighed until by the agreement of two successive

weighings, the drying is known to be complete. The

last weight found, if confirmed by the method of

double weighing as in ^ 28, is the apparent weight

of the bottle in air. It is understood that the stop-

per is always weighed with the bottle. In this case, it

should be placed in the scale-pan beside the bottle,

so that the density of the air may be the same inside

and out. The bottle, which will be warmed by the

hot air-blast, must he allowed time to cool to the

temperature of the room before the weighing is

completed, since otherwise currents of hot air might

seriously affect the result (see ^ 19).

1 When a hot air-blast cannot be had, tlie bottle may be dried by

rinsing it out several times witli a small quantity of alcoliol, and

exposing it for a few minutes to a draught of air.

4
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The bottle is then filled with distilled water at an

observed temperature, not far from that of the room

;

then closed in such a manner (see Fig. 19) as to

allow all bubbles of air to escape.^ The outside of

the bottle is then carefully dried with a cloth or

blotting-paper. The weight is again

found with the same degree of ac-

curacy as before, and immediately

afterward the temperature of the

water and the density of the air

(1 18).

The difference between the two

apparent weights of the bottle con-

taining; air and water, respectively,

IS equal to the apparent weight in

air of the water which it contains (§ 66) ; this

weight of water multiplied by the space occupied (at

the higher of the two observed temperatures, see

^ 33) by a quantity of water weighing apfjarently

1 gram (in air of the observed density, see Table 22),

gives the total space occupied by the water, or in

other words the capacity of the bottle at the observed

temperature.

^ 33. Efiects of Varying Temperature on a Specific

Gravity Bottle.— It is hardly necessary, in the experi-

ments which follow, to allow for the expansion of

the glass bottle due to changes of temperature which

1 If the sliRpe of the stopper msikes this impossible, it must be

altered by grinding or by filling up any hollows in it with paraflSne or

other material not acted upon by ordinary liquids. In this case the

weight in air must be re-determined.
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it is likely to undergo.^ In a laboratory, maintained

as it should be at a nearly constant temperature,

these changes will be slight. Unless, however, spe-

cial precautions are taken to keep the water in the

bottle at a constant temperature, serious errors are

likely to arise. These errors will be still greater in

the case of certain other liquids which we shall em-

ploy. The expansion of alcohol, for instance, will

be found to be several hundred times as great as that

of glass (see Table 11).

Let us first suppose that the liquid which fills a

closed bottle is gradually cooling, and hence in the

process of contraction. A bubble will soon be formed.

This need not, however, give rise to apprehension if

the initial temperature (at which the bottle was filled)

has been correcUy observed; for the wfeight of the

liquid will not be changed by its contraction, and the

bubble weighs practically nothing. We may there-

fore determine the weight of a liquid which fills a

bottle at an observed temperature, after it has fallen

below that temperature.

Now, let us suppose that the liquid is growing

warmei"; and hence, expanding, that it forces its

way out by the stopper, j^et clings to the bottle.

Unless the liquid is volatile or hygroscopic,^ its weight

1 The capacity of a vessel increases by the same amount as the

volume of a solid of the same material which would exactly fill the

Vessel. In the case of glass, this increase is at the rate of about 1

part in 40,000 per degree Centigrade.

2 Hygroscopic liquids, such as sulphuric acid or chloride of cal-

cium, should be slightly warmed before the experiment, so that they

may be weighed while cooling.
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will be unchanged, and hence may be determined at

leisure. If, however, the liquid evaporates immedi-

ately (as many liquids do) on contact with the air,

there will be a continual loss of weight. In such

cases, we must find the temperature as nearly as pos-

sible at the time of weighing, when it will be seen

that the quantity of liquid weighed exactly fills the

bottle.

In practice, both the initial and final temperatures

are usually observed ; the former just before the in-

sertion of the stopper, the latter immediately after

completing the weighing. We notice that with a

non-volatile liquid, the initial temperature is alwaj'^s

required ; and the same statement applies to a volatile

liquid which is cooling ; but with a volatile liquid in

general it is the maximum temperature which we
wish to determine. In no case do we take the mean

of the two temperatures before and after- the ex-

periment.

The liquids which we employ should be warmed

or cooled if necessary, so that they may be nfearly at

the same temperature as the room ; since otherwise

the rapid changes of temperature which must ensue

(§ 89) would make an accurate observation of the

thermometer impossible. Errors in weighing might

also be introduced, owing to currents of hot or cold

air (^ 19). In the case of certain liquids (as ether)

which are apt to become cold through evaporation,^

1 Care must be taken in general to prevent evaporation ; and
especially in the case of impure liquids, tlie strengtli of which would

be affected by the escape of the more volatile ingredients.
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there is danger that moisture may be condensed on

the sides of the containing vessel (see ^ 17). Par-

ticular care must be taken in the case of water, when
below the temperature of the room ; lest through the

humidity of the air or from other causes it should

fail to evaporate as fast as it is driven out of the

bottle. Any moisture collected around the stopper

should be removed with blotting-paper before making

a final adjustment of the weights.

EXPERIMENT XII.

DISPLACEMENT I.

^ 34. Determination of Displacement by the Specific

Gravity Bottle.— The experiment consists essentially

of a repetition of Experiment 11, with a bottle al-

ready partly full of sand, or any other substftncR

insoluble in water. The capacity of the bottle for

water is evidently less than before by an amount

exactly equal to the space which the sand takes up

;

hence the latter can be found by subtracting the

new capacity from the old. This method of deter-

mining volume is especially convenient in the case

of powders, which cannot easily be suspended from

a hydrostatic balance.

Certain modifications of the methods used in

Experiment 11 are introduced when finely divided

substances are employed. Even with sand consid-

erable difficulty may be found in removing the

bubbles of .lir which cling to it under water. By
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continual shaking with water in a well-stoppered

bottle, this air may generally be freed from the sand.^

To obtain dry sand, it should be heated before the

experiment to a temperature above 100°.

The same process may be used to. dry various

powders not easily melted or decomposed by heat

;

but others require special precautions belonging to

the province of Chemistry rather than Physics.

It may be observed that the apparent weight of

the solid used in this experiment is incidentally

determined ; for we have only to subtract from the

apparent weight of the bottle with it that of the

bottle without it as found in the last experiment.

The density of the solid may therefore be calculated

as in Experiment 9.

^ 35. Illustration of the Principle of Archimedes ,
—

To understand whai is meant by the water displaced

by a solid, the bottle may be filled with water as ki

Experiment 11, then the solid may be introduced ;.

water will be literallj' displaced, and if the whole

quantity thus driven out of the bottle could be col-

lected and weighed, we should have a direct measure-

ment, of the water displaced by the solid. In

practice we prefer to find this by difference.

If we call s the apparent weight of the sand, b that

of the bottle, w that of the water which fills it, and

d that of the water displaced by the sand, the weights

observed are (1) h and (2) b -\- w in Experiment 11,

1 An air-pump greatly facilitates the process, but unless special

precautions are taken tl)e water is apt to bubble over into the re-

ceiver and to find its way into the valves of th pump.
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(3) 5 4" * ^•^'i ('i) b ~\~8 -\-iv — d ill Experiment 12.

The apparent weight of water which fills the bottle

is the dififerenee between the first and second obser-

vations, or (2)— (1), but when the sand is already in

the bottle the quantity of water required is the

difference between the last two observations, or (4)

— (3) ; hence (.he quantity displaced is [(2) — (1)J

-[(4) -(3)].
Now the weight of the sand in air is evidently the

difference between the first and third observations, or

(3) — (1^ ; its apparent weight in water is the dif-

ference between the second and fourth,^ or (4) —
(2) ; its loss of weight in water is therefore [(3) —
(1)] -r- [(4) — (2)]. This is seen by comparison to

be identical with the expi'ession above for the weight

of water displaced.

The student who finds difficulty in realizing how
tiie apparent weight or loss of weight of a solid in

water can be found by the specific gravity bottle

may repeat these measurements with a hydrostatic

balance, using a cup to hold the sand in place of the

network of wire employed in Experiment 9 to hold

the, glass ball ; or he may find the weight and loss of

weight in water of the steel balls used in Experiment

4 by means of the specific gravity bottle. The Prin-

ciple of Archimedes (§ 64) states that loss of weight

1 In both observations we have the same weight of the bottle,

and the same hj'drostatic pressure of tlie water upon the bottom

or sides of the bottle (§63); the only difference is the downward
pressure of the sand, which is present in (4) and.absent in (2). This

pressure exerted under water is what we call the weight of the

sand in water..
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in water (which we think of as determined by

hydrostatic methods) is equal to the weight of water

displaced (which we think of as determined by a,

specific gravity bottle). The agreement of the results

obtained by hydrostatic methods with those from

the specific gravity bottle may serve therefore either

as an illustration of this priuciple or as a mutual

confirmation of these results.

EXPERIMENT XIII.

DISPLACEMENT II.

IT 36. Determination of the Volume and Density of

Solids Soluble in Water. When owing to the solubility

in water of the substance employed, the method ex-

plained in the last experiment cannot be applied, it

remains only to find some other fluid of known den-

sity in whicli that substance is insoluble. The vari-

ous products of the distillation of petroleum are

especially suited to this purpose, since they dissolve

few (if any) ordinary substances which are soluble

in water. We may occasionally, with great care, use

a saturated aqueous solution of the substance whose

density is to be determined, or a liquid whicli has

been allowed to act chemically upon an "excess"

of that substance, since in either of these cases the

liquid will have no further action on the solid. Gases

may also be employed ; but on account of the diffi-

culty of measuring their weight correctly even by the

most delicate balances, it is customary to estimate
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the quantity present by a direct or indirect measure-

ment of its volume.^ Owing, however, to the ten-

dency of certain substances to absorb large quantities

of gas, all such methods may lead to erroneous and

even absurd results.

For sake of simplicity we will choose the liquid

whose density has been determined in Experiment

10, and for the solid some substance insoluble in that

liquid ; and in order that the density of the liquid

may be the same as before, it should be warmed or

cooled if necessary to the temperature observed in Ex-

periment 10. With such a solid and liquid. Experi-

ment 12 is to be essentially repeated.

^ 37. Calculation of Volume and Density by the Use

of Specific Volumes. We have already seen how the

weight of water displaced by a solid may be found,

either by the hydrostatic balance (Experiment 9)

or by the specific gravity bottle (Experiment 12).

By the same methods we may obtain the weight of

any other fluid displaced by a solid. We have al-

ready applied this principle in Experiment 10 for

determining the density of a liquid. Knowing the

weight in grams and the number of cubic centimetres

displaced, we found by division the weight of 1 cu.

cm. It would liave been equally simple to inter-

change the divisor and dividend, and thus to find the

space in cu. cm. occupied by 1 gram. This is some-

times called tlie specific volume of a liquid.

The mutual relations existing between the weight

1 For a description of the " Volumenometer," see Trowbridge's

New Physics, Experiment 31.
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10, the volume v, the density d, and the specifie vol-

ume s, of any substance are given Ly the equations

T w V 1 .

a = -, s = - , •. 8 = -,v= w s, etc.

V w a

The specific volume is therefore- tecli»wally the "i'^

ciprocal " of the density. To find it we divide unity

by the density already determined in Experiment 10,

or by that which we may find from Experiment 14.

W& have already used specific volumes in Table

23 (see IT 29), and we know that the weight in vacuo

of the liquid displaced, multiplied by its specific vol-

ume,^ gives the actual volume displaced, which is of

course equal tothat of the solid causing the displace-

ment. The volume of the solid enables us to reduce

its apparent weight to vacuo (§ 67), and hence to cal'

culate its density (§ 68).

EXPERIMENT XIV.

DENSITY OP LIQUIDS.

TT 38. Determination of the Density of a Liquid by the

Specific Gravity Bottle. We have already found the

weight of a bottle containing water and air, and we
have calculated its capacity ; it remains only to find

its weight when filled with any other fluid, in order

1 The student should bear in mind that the specific volume here
employed is the space occupied by a quantity of liquid weighing 1

gram in vacuo, not that which weighs apparently I gram in air. True
specific volumes must be multiplied by true weights in vacuo to find

actual volumes. Apparent specific volumes (see Table 22) are in-

tended to give the same result with apparent weights in air.
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that the density of that fluid may be determined.

For the purpose of comparison we will choose the-

liquid already used in Experiments 10 and 13, and

warm or cool it, as nearly as may be convenient, to the

temperature of those experiments. The actual tem-

perature should bei obserAred for reasons explained in

IT 33, both before' and immediately after weighing.

The barodeik should also be read, in order to make

sure that no great change, has taken place in the

course of our experiments with the specific gravity

bottle, since otherwise its apparent weight in air must

be re-determined.

The apparent weight of a quantity of alcohol suffi-

cient to fill the bottle is found by subtracting that of

the bottle with air from that of the bottle filled with

alcohol, and is reduced to vaeno as explained in § 67.

The density is then calculated by dividing the weight

m vacuo by the capacity of the bottle, fiom If 32.

The strength of the alcohol is finally found by ref-

erence to. Table 27, using a process of double inter-

polation (see § 58). The strength of the alcohol

may also be calculated from the data of Experiment

14 ; and even if the temperatures in Experiments 10

and 14 differ considerably, the two results should

agree in respect to. strength.

"* EXPERIMENT XV.

THE DENSIMETER.

^39. Hydrometers and Densimeters.— There are

various kinds of hydrometers employed in the arts.
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Nicholson's has been ah-eady described, and is the

type of a " hydrometer of constant immersion ;" that

is, one which in use is alvvaj's made to sink in a

liquid to a given mark. A common glass hydrometer

is, on the other hand, an example of " variable immer-

sion." The distance it sinks in a fluid depends upon

the density of the fluid, and is read by a scale at-

tached to the stem of the instrument. The scales

used in the arts are generally arbitrary. Tlie principal

ones are those invented by Baum^, Beck, Oartier, and

Twaddell, which are compared in Table 40 with a

scale of density. The instruments most convenient

for scientific purposes carry a scale which indicates

at once the density of the liquid, and

hence bear the name of densimeters.

The sensitiveness of a densimeter

evidently depends upon the smallness

of the graduated stem, compared with

the whole displacement of the instru-

ment ; but if we make the stem too

small, a single hydrometer of the ordi-

nary length can cover only a very lim-

ited range of densities. A set of three

instruments is often used,^— one for liq-

uids lighter than water, one for liquids

heavier than water, and one for liquids

, of intermediate density. There are also

sets of twelve or more hydrometers,

covering together the whole range of

densities from sulphuric acid (1.8) to ether (0.7).

With these great accuracy and rapidity may be
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attained, even without applying any of the ordinary

corrections ; ^ but if rapidity be the chief object, a

single instrument with a " specific gravity scale " will

be found most convenient. Such a one is often called

by dealers a " Universal hydrometer " (see Fig. 20).

The errors of such instruments are not so great as

one might expect, considering that the scales are

printed in quantities from originals none too care-

fully made, fitted to tubes of by no means uniform

bore, regardless within certain limits of their size,

and fastened to these tubes at a point too high or

too low, as the case may be. Still, even if the read-

ing in water is found to be nearly correct, considerable

errors may be discovered in other parts of the scale.

As these errors depend largely- upon the calibre of

the tube, the process of correcting them may be

properly called calibration ( § 36).

^40. Calibration and Use of a Densimeter.— The

reading of the instrument is taken while floating

successively in at least three standard liquids of

known density, such as water, alcohol, and glycerine

(see Tables 25-27), then in a number of other liquids

whose densi£y is to be determined. As with a Nich-

olson's hydrometer, the under surface of the liquid is

(when possible) used as a sight (see Fig. 6, ^ 6)

;

and the same precautions are taken to avoid friction

against the sides of the jar, aud the effects of capil-

^ It should be remembered that changes of atmospheric density

influence only that portion of a hydrometer which is above the

liquid, and hence will not generally affect even the fourth place of

decimals. The effect of a narrow range of temperature in changing

the volume of a glass hydrometer is equally unimportant.
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lary action due to the stem's becoming dry near the

surface of the liquid. Both the densimeter and the

thermometer (which is invariably read in every ob-

servation) must be TVashed after immersion in each

liquid, either under the faucet or in three changes of

water ; they should also be carefully dried before

immersion in a new liquid ; otherwise more or less

dilution or mixture is sure to take place. The cor-

rections of the densimeter are then -calculated and

applied as explained in the next section.

^ 41. Treatment of Corrections by the Graphical

Method. — Correction and error are by definition

(§ 24) equal and opposite. If the observed value

of a quantity is greater than its real value, we say

that the error is positive, the correction negative.

Thus, by subtracting the observed from the tabulated

densities of water, alcohol, and glycerine at a given

temperature, we find the several corrections for the

instrument by which these densities were observed.

The correction of an

instrument will gen-

erally vary according

to the reading in

question ; hence, to

find the correction

for every reading, it

is necessary to con-

struct either a table

of corrections or a curve. Thus, in Fig. 21 the three

points indicated by crosses represent (see § 59) cor-

rections of a particular densimeter corresponding to

01 0,
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three densities : namely, for alcohol, density 0.80,

correction —.00-1 ; for water, density 1.00, correc-

tion — .002 ; for glycel-ine, density 1.25, correction

+.004. The curve drawn by a bent ruler through

the crosses enables us to find approximately the cor-

rection of this instrument for all intermediate densi-

ties by the general rules of the graphical method

(§ 59). Thus for an ammoniacal solution of the

density 0.9 or thereabouts, the correction would be

not far from—.003. Corresponding corrections should

be applied to each of the liquids whose density has

been determined by means of the densimeter.

EXPERIMENT XTI.

BALANCING COLUMNS.

IT 42. Determination of Density by

Methods of Balancing Columns. The

ordinary method of balancing col-

umns is illustrated in Figure 22.

Some mercury, for instance, is poured

into a U-tube, then into the longer

arm some -water. Suppose the mer-

curj'^ is thus forced up to a level, 6,

in the shorter arm, and down to a

level, e, in the longer arm, by a col-

umn of water reaching from a to c,

and let the vertical distances, be and

ac, between the corresponding levels

be measured ; then since the den-

sity of water is known, the density Fio. 22.
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of mercury will be determined (see IT 43). When the

two liquids are miscible this method cannot be applied.

- Another method in which this difficulty is avoided

is illustrated in Figure 23. A tube in the form of an

inverted Y is plunged into two ves-

sels, c, containing water, and d, let us

say, glycerine. The two liquids are

then sucked up cautiously to the re-

spective levels a and h; and held

there by closing a stop-cock in the

stem of the Y. The relative density

of the glycerine will then be deter-

mined by measuring the distances ao

and hd. These distances are meas-

ured vertically, in the case of each

liquid, between its level in the tube

and its level in the cistern.

For measuring long distances, as

ae or hd^ a millimetre scale behind

the tubes will suffice ; for short dis-

tance (as 5c, Fig. 22) a vernier gauge may be prefer-

able ; but special care must be taken to have the

-shaft vertical. To diminish the effects of capillary

attraction, tlie tubes should have a diameter of a

centimetre if possible,^ and the level should be read

1 If smaller tubes are used, two experiments must be made. In

one, the columns of liquid should be as long as may be oonvenient;

in the other as short as possible. The effects of capillary action are

then eliminated in the usual manner by taking differences (see § 32).

Thus instead of the column ah (Fig. 22) we find the difference be-

tween two such columns in the two experiments ; and in the same

way we find the difference between the two columns be. These dif-

ferences evidently balance one another.

Fig. 23.
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b}'^ the middle point of the surface, whether convex

or concave (see case of the Barometer, U 13).

The common temperature of the two balancing

columns may be found by a mercurial thermometer

midway between them. An observation of the baro-

deik will be unnecessary.

IT 43. Theory of Balancing Columns. Two liquid col-

umns are said to balance one another wlien they exert,

equal and opposite pressures at a given point. Since

pressure is affected by the density as well as by the

depth of a fluid, the greater height of one column

must counterbalance the greiiter density of the other.

In other words, the densities of two b^ilancing col-

umns must be to each other inversely as their vertical

heights.

It is evident that, in Figure 22 of the last article,

the vertical height of the water is equal to ao, the

total length of the column ; but that of the mercury

which balances it is only a portion of the whole col-

umn of mercury, namely, be; for the part in the bend

of the tube having the same level, c, at both ends,

exerts no pressure to the right or to the left (§ 62),

and serves simply to transmit pressure from one col-

umn to the other. For the same reason, we disre-

gard in Figure 23 the portions of the liquids below

c and d, and find that the balancing columns are

ae and bd.

The balance between the two liquid columns in the

first method (Fig. 22) will not be disturbed by the

atmospheric pressure, provided that it affects both

columns alike, as is very nearly the case ; but strictly

5
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we must observe that the barometric pressure is

greater at h than at a, There is, as it were, a column

of air of the height ah acting on the mercury without

any equivalent acting on the water. Since the den-

sity of air is about 800 times less than that of water,

we should subtract from the apparent length of the

column of water, ac, one 800th part of the distance

. ah, to find the column of water which would balance

the mercury in vacuo.

In the second method (Fig. 23), supposing c and d

to be on the same level, we find in the same way an

unbalanced column of air, ah, acting on the shorter of

the two columns of liquid. If the longer column is as

before, water, wfe subtract from it one 800th of ah. If

the shorter is water we add one 800th of ah. In ap-

plying this correction, we neglect the fact that the air

within the tube is slightly rarefied, since the accuracy

of the instrument employed will not justify more than

a rough approximation to the density of the air in

question.

If in either method I is the length of the column of

liquid whose density, D, is to be 'determined, w the

length of the column of water which balances it in

vacuo, and d the density of this water at the observed

temperature (see Table 25), we have, solving the

inverse proportion mentioned above,

yj wd
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EXPERIMENT XVII.

DENSITY OF AIR.

^ 44. Determination of the Density of Air.— A
stout flask provided with a stop-cock (Fig. 24) is

made thoroughly dry (see ^ 32), and weighed with

the stop-cock open. The flask is then

connected with an air-pump, and as

much air as possible is exhausted.

The stop-cock is now closed ; and the

flask, having been disconnected from

the air-pump, is re-weighed. It should

be left on the balance long enough to

prove that there is no perceptible gain

of weight from leakage of air into it,

then quickly opened under water as

The stop-cock is closed by some mechan-

ical contrivance while the flask is

still completely submerged ; then the

flask is dried outside and weighed

with the water which has entered.

The temperature of the water is

now observed. Finally the flask is

filled completely with water and

re-weighed. When all these obser-

vations have been recorded, an ob-

servation of the barodeik (see ^18)
is made for purposes of comparison.

Having found the proportion of air

exhausted, we calculate its density, as explained below.

Fig. 24.

in Fig. 25,

Fig. 25.
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^ 45. Theory of the Partial Vacuum. — When a

flask from which the air has been pai'tially exhausted

is opened under water as in Figure 25, the water is

forced inwards until the residual air is sufficiently

compressed to resist the atmospheric pressure from

outside. If the temperature is constant, as will be

essentially the case when the flask is surrounded by

water, the pressure depends chiefly on the density

(see § 78) ; hence the residual air is compressed until

its density is the same as that of the outside air.

The space which it then occupies, compared with the

whole capacity of the flask, will then represent the

proportion of air remaining in it ; and the amount of

water which enters compared with the total amount

necessary to fill the flask will represent the proportion

of air exhausted.

The flask must not be plunged too deep below the

surface of the water, for if it is the air within it may-

be perceptibly compressed ; but it is well to submerge

it to a depth of 10 or 20 cm., to offset the expansion

of the air caused by its taking up vapor from the

water with which it comes in contact (see Table 13).

The less air there is, the less will be its expansion. To

obtain accurate results, we must therefore exhaust

nearly all the air, or else substitute for water some

less volatile fluid.

It may be observed that the water which enters the

flask replaces, bulk for bulk, that portion of the air

which has been exhausted. The weight of this air is

the difference between the weights of the flask' before

and after exhaustion ; the weight of the equivalent
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bulk of water is the difference between the last two

weighings,— before and after the admission of water.

We notice that in this experiment, unlike those which

precede it, the water enters the flask without dis-

placing any air whatever; hence no allowance is

made for the weight of air displaced. Both the

weight of aiv exhausted and that of the water which

takes its place are affected by the buoyancy of the

atmosphere upon the brass weights (§ 65), and in

the same proportion ; hence their quotient is unaf-

fected, and represents the true specific gravity of the

air referred to the water. This should agree closely ^

with the atmospheric density indicated by the

barodeik.

EXPERIMENT XVIII.

DENSITY OP GASES,

^ 46. Determination of the Density of a Gas.— A-

light flask, as large as the balance pans will admit, is

made perfectly dry (see ^ 32), and weighed with its

stopper beside it. To determine the density of the

air within the flask, an observation of the barodeik

is made (see ^ 18). Then the flask is filled with

coal-gas conducted through a rubber tube reaching

as far as possible into the flask. To prevent the

escape of the coal-gas, which is lighter than air, the

1 The true specific gravity of any substance referred to water at

any temperature must strictly be multiplied by the density of water

at that temperature (see § 69), to find the density of the substance in

question. In the present case, the multiplication will hardly affect

the last significant figure of the result.
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flask is held iu an inverted position throughout the

process ; after which the tube is drawn slowly out

of the flask without checking the flow of gas (see

6, Fig. 26), and the stopper (a) is

immediately inserted. The weight of

the flask is again determined. More

gas is then passed into the flask as

before until it reaches a constant

weight. The temperature of the gas

in the flask is then found by a ther-

mometer inserted through a bored

stopper ; and the pressure is deter-

mined by an observation of the ba-

rometer. Finally the flask is filled with water and

weighed for the purpose of finding its capacity.

The last weighing and the observation of tempera-

ture which should accompany it may be comparatively

rough ; but the weighings with air and with gas

should be made with the utmost precision, since the

difference between them, upon which the result

depends, is so slight that even a small error would

affect this result in a very considerable proportion

(see § 36). If ordinary prescription scales are used,

the result should depend upon the mean of at least

five double weighings in each case. When great

accuracy is desired, a counterpoise should be used

consisting of a second flask, hermetically sealed, equal

to the first in volume and nearly equal in weight.

Small weights added to the counterpoise should bring

about an exact adjustment. By using such a counter-

poise, changes in atmospheric density are eliminated,
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since the air will buoy up the contents of both pans

alike.

The capacity of the flask is then calculated as in

T[ 32, and the density of coal-gas at the observed

temperature and pressure is found by the formula of

§ 70, using the density of the air indicated by the

barodeik. The result is then reduced to 0° and 76

em. pressure by the formula of § 81.

EXPERIMENT XIX.

MEASUREMENT OP LENGTH.

^ 47. Selection of a Standard of Length.— A care-

ful comparison of the various scales which we have

hitherto employed for the measurement of length

will generally show cases of disagreement. These

may sometimes be explained as the result of expan-

sion by heat (see Table 8 6) ; for, though a scale

should be correct at 0°, unless otherwise stated, there

is no agreement to this effect among manufacturers.^

In other cases errors are discovered which may be

traced to the machine by which the scales are di-

vided. It will not do to assume that the most

carefully finished scales are the most accurate. Those

printed in large quantities on wood compares very

'^ English measures are generally adjusted (if at all) to a tempera-

ture of about 62° Fahrenheit. Certain French manufacturers main-

tain that all standards are supposed to be correct at 4° Centigrade.

In the case of brass metre scales, discrepancies of nearly half a

millimetre may sometimes be traced to the temperatures at which

they have been adjusted.
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favorably with common varieties of " vernier gauge
"

(see Pig. 27). The latter, in parlicular, need to be

tested as will be explained below. For this pur-

pose, " end standards " are made by various manufac-

turers with a considerable degree of precision. In

place of these, however, the student will find it more

instructive to use one depending, as follows, upon his

own measurements.

The volume, v, of a glass ball has already been

determined (^ 29) ; from this the diameter, d, may

be calculated by geometry, using the formula ^

d = 1.2407 ^v.

In calculating the diameter of a sphere from the

cube root of its volume, great accuracy may be

obtained (see § 36). Thus if the volume is really

40.00 cu. cm., and owing to an error of 1 eg. in weigh-

ing, the observed value is 40.01 cu. cm., the calculated

diameter will be 4.2435 cm, instead of 4.2432 cm.

The difference (.0003 cm.') between the calculated and

the true value would be imperceptible.

If the ball which we employ is not perfectly

spherical, an average diameter will be given by the

formula. We shall see in ^ 50, I. how slight ir-

regularities can be allowed for. We may therefore

obtain from our experiments in hydrostatics a stan-

dard, in the form of a sphei-e, by which it is possible

to correct the reading of a vernier gauge, or any

other kind of caliper.

' This is derived from the ordinary formula—
V = -J do
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IT 48. Testing Calipers. A caliper is au instrument

intended especially to determine by contact the

diameter of bodies, generally the outside diameter.

It is provided with two points called " teeth " or

" jaws," one of which at least is movable. In one class

of calipers the jaws are hinged together, their motion

being magnified in some cases by a long index ; in

another class there is a sliding motion, as in the

vernier gauge used in Experiment 1 (see Fig. 27) ;

iu a third class the motion is produced by a screw,

as in the micrometer gauge (Fig. 28).

The instrumental errors (§ 31) likely to arise dif-

fer, of course, according to the special construction

of the gauge in ques-

tion ; but there are

certain classes of de-

fects common to all

calipers, and hence it

is well, before begin-

ning any series of

measurements, to

make a regular ex-

amination of each in-

strument, covering the

following points:—
(a) DiSTOKTiON. The shank of

a vernier gauge (ad, Fig. 27) should appear per-

fectly straight to the eye, when " sighted " in the

ordinary manner, and perfectly free from twist. A
micrometer screw Qcd, Fig. 28) should similarly ap-

pear straight, so that the tooth c mg,y be accurately

centred in all positions.

Fig. 28.

Pig. 27.
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Tig. 29.

(J) Contact. The jaws of a gauge must be able

to touch each other at some point (as fp' Fig. 29)

convenient for measurement. The

shape of these jaws may be modi-

fied, if necessary, by the use of a

file, or by the application of solder,

in order that this condition may be

fulfilled. The location of the point of contact is found

by examining the streak of light between the jaws,

(c) Perpendictjlaeity. The surfaces of the teeth

or jaws at the point of contg,ct should be at right

angles with the shank of the

gauge. In the case of a microm-

eter, any obliquity immediately

appears when the screw is ro-

tated. To detect it in a sliding

gauge it is necessary to reverse

one of the jaws (as I in Fig-

30), and to see whether the two

inner surfaces remain parallel.

{d) Graduation. The uniformity of the thread

of a micrometer screw is sufficiently established if it

turns in the nut, when well oiled, with equal facility

throughout its entire length. The graduation of a

vernier gauge is most easily tested by the vernier it-

self ; for if the latter always subtends exactly the

same number of divisions on the main scale, these

may be assumed to be sensibly uniform.

(e) Looseness. A gauge should slide freely

from one position to anothei- ; but any looseness in

the moving parts must be prevented. For this pur-

FiG. 30.
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pose a set screw (a, Fig. 27) is usually attached to a

vernier scale. In the absence of any equivalent ar-

rangement, a nut may often be tightened successfully

by pinching it slightly in a vice.

If the defects here mentioned cannot be over-

come, the caliper should be discarded for the purposes

of the exact measurements which follow.

^ 49. Precautions in the Use of Calipers.

(a) Warmth. In ordinary measurements with a

vernier gauge, the warmth of the hand will hardly

cause a perceptible expansion ; but with micrometers,

considerable care must be taken to avoid errors from

this source. The usual method is to hold the instru-

ment with a cloth, but it is still more effective to

mount it in a vice, and thus to leave both hands free

for making the necessary adjustments.

(J) Clamping. When a caliper has been " set

"

on a given object, it is customary to clamp it before

making a reading, lest in the mean time dislocation

should take place. There is danger, however, that in

the very act of clamping any instrument, its " set-

ting" may be disturbed. Vernier gauges, unless

specially provided with springs to keep the moving

parts in place, are troublesome in this respect. The

difficulty is lessened by keeping a moderate pressure

on the clamp while the setting is taking place. In all

instruments, the accuracy of a setting should be

tested after clamping.

(c) Strain. The teeth or jaws of a caliper must

obviously not be bent forcibly apart by the pressure

between them and the object on which they are set

;
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for the bending will introduce an error in the read-

ing. One may judge whether the pressure is ex-

cessive or not by the muscular force required to

produce it, or by the hold which the caliper seems to

have upon the object in question. The best microm-

eters are provided with a friction head (/, Fig. 28)

which slips when the required pressure is obtained.

A most important result is thus secured, namely, a

uniform pressure in all settings of the gauge, includ-

ing the zero reading (see § 32) whereby the effects of

strain may be eliminated.

(c?) RocTGHNESS. If the surfaces of the teeth or

jaws of a caliper are not perfectly smooth and flat,

r -J' an object may fit between them
"~7 w^ith greater facility in some

"f places than in others. To elim-

i I inate the effects of any such ir-

* regularit}'-, the diameter which

^Z^IZZ^ is to be measured should ter-

\^

f ' minate in the points Qp and p',

EiG. 31. Fig, 31) ^^jiipjj determine the

zero reading of the gauge (see Fig. 29).

These are generally the most prominent points of

the inner surfaces ; hence the rule, place the object to

he measured where it fits with the greatest difficulty.

(e) Obliquity. The line pp' (Fig. 31) is neces-

sarily parallel to the shank of the gauge ; hence also

the diameter of any object which coincides with it.

If, however, through any mistake in the above adjust-

ment, the diameter to be measured is perceptibly

inclined with respect to the line pp', a considerable
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error is likely to be introduced into the result. It

may be shown by trigonometry that if the inclina-

tion is less than 1°, the error will be less than one

six-thousandth part of the quantity measured ; and

hence practically, insensible. Since the eye can de-

tect under favorable circumstances an obliquity even

less than 1°, the following rule will be found suffi-

ciently accurate : make the diameter to he measured

sensibly parallel to- the shank of the gauge.

(/) Position. An object may be fitted between

the teeth of a caliper in various ways, and care must

be taken that the diameter thus measured is the one

sought. In the case of a rectangular block, for in-

stance, a minimum diameter is usually required, and

care must be taken not to place it cornerwise ; in the

case of a sphere, however, a maximum measurement

is wanted, and to secure this, especially when the

teeth are rounded (as in Fig. 32), many trials must

be made and with the greatest care.

{g) Parallax. Errors of parallax (§ 25)

may be avoided when two scales are

mutually inclined, by holding the eye or

the gauge in such a position that the lines

appear parallel, as in A, Fig. 33, not in-
FiG. 32. 5.^ 1 • nclined as in B.

51 50. Correction of Calipers i I i

— It is important to determine |''''l""l /""'^>'/

the reading of a gauge or caliper jj-ig. 33.

when the- jaws are in contact

(see Fig. 29). This is called the " zero reading,"

because it corresponds to a distance zero between the
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points p and p where contact takes place. A gauge

need not be condemned simply because the "zero

reading " is not exactly zero. The fulfilment of this

condition is in fact exceedingly rare. It is only neces-

sary that the zero reading shall be accurately deter-

mined, in order to avoid (by subtraction) all errors

from this source (§ 32).

I. Vernier Gauge. The general method of reading

a vernier gauge has been explained in ^ 3. We have

seen in § 37 how the tenths of the millimetre divisions

on the main scale are read by means of a " vernier."

In case, however, the indication of the vernier lies

between two numbers, it becomes necessary in all

exact measurements to estimate fractions of tenths.

We have already found a rough way of representing

such fractions (see ^ 6). A more exact method is

described in § 37. To obtain success in applying this

method to a vernier reading to tenths of a millimetre,

the rulings of the scale should be fine, and a hand

lens (such as is represented in Fig. 34) should be

used to magnify the ver-

nier and main scale divi-

sions so that the difference

between them may be

plainly visible to the eye.
Fig. 34.

^j^^ student will find it

difficult, at first, to select the diagram in § 37 most re-

sembling the case of coincidence in question ; ^ but with

1 One of the chief difficulties in conducting this experiment lies in

the tendency of students to hold a gauge more or less obliquely, so

that all cases of coincidence may appear to be exact, or (what 'is

nearly as hopeless) precisely alike. To an accurate observer, no two
settings present in general exactly the same annearance.
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a little practice most of his errors should be confined

to a range of one or two hundredths of a millimetre.

If the zero of the vernier comes opposite a point

below the zero of the main scale, the reading is

negative. For convenience, however, the negative

sign is applied (as in logarithms) only to the whole

number indicated on the main scale,— the fraction

remaining positive. Thus if the zero on the vernier

passes the zero on the main scale by .02 mm. when

the jaws are brought into contact, the reading of the

vernier should be .98 ; and in this case, the zero read-

ing is 1.98, according to the general rule given in *[[ -3.

When the zero reading has thus been found within

one or two hundredths of a millimetre, a body of

Fig. 36.

known diameter is set between the jaws of the gauge.

The glass ball, for instance, used in Experiments 8

and 9 is to be placed (see Fig. 31), so as to reach

between the points p and p' by which the zero

reading was determined (see Fig. 29). Looking at

the jaws endwise, we should s6e the ball symmetri-

cally situated, as in Fig. 35.

If the ball is not perfectly round, we shall need at

least 10 measurements of its diameter ; and these
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measurements should obviously be distributed as uni-

formly as possible over the surface of the sphere;

The student will do well to mark in ink ten points

upon the ball as in B, Fig. 36, which are to be brought

successively under the point p (Fig. 35), in one jaw

of the gauge. After each measurement, the corre-

sponding mark should be erased, to prevent confusion.

As to the manner of spacing the ten points in ques-

tion, the student is advised to begin with a 20-sided

paper weight {A, Fig. 36), to place a number in the

middle of each of the ten faces visible from a given

point of view, then to copy these marks on the glass

ball B, so that they may appear to be spaced in the

same manner in both cases. The geometrician will

observe that there is one way and only one way of

distributing ten diameters uniformly over the sur-

face of a sphere, and that this way has been here

practically adopted.

In each of the ten measurements, a reading is

made to hundredths of millimetres; then the zero

reading is re-determined. From the mean of the ten

measurements above, the mean zero reading is sub-

tracted. "We thus find the average diameter of the

ball according to the gauge. Dividing this observed

diameter by that obtained by the hydrostatic method
(which we will suppose to be the true diameter— see

Tl" 47), we obtain an important factor, namely, the

average space in millimetres occupied by<each milli-

metre division in a certain part of- the gauge. If the

gauge is uniformly graduated (see *\ 48, c?), it is ob-

viously possible to correct all measurements made
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with the gauge at the same temperature by means of

the factor thus found. In practice, however, it may
be assumed that a gauge has been selected in which

these corrections are too small to be considered.

II. Micrometer Gauge.— In place of the glass

ball of Experiments 8 and 9, the student may use

the steel balls of Experiments 3 and 4, provided that

the displacement of these balls lias been confirmed

by the specific gravitj' bottle, as suggested in ^ 35.

The joint volume of these balls is then found by the

use of Table 22 (see ^ 29), then the average volume,

from which (the balls being uniform in size) the av-

erage diameter is calculated by the formula of ^ 47.

The diameters of these balls may now be measured

by means of a micrometer gauge (see Fig. 28). The

tests to be applied to a micrometer and the precau-

tions to be followed are essentially the same as with

any other kind of caliper (see ^ 48 and ^ 49). The

zero reading is found as in the case of a ^
vernier gauge by bringing the teeth into

contact. Then the teeth are separated by

turning the head of the screw (Fig. 28)

until the ball whose diameter is to be

measured fits symmetrically between these

teeth as in Figure 37.

The whole number of revolutions of the screw

should correspond with the number of main scale

divisions on the nut d, uncovered by the barrel e.

The hundredths of a turn maybe read by the gradua-

tion on the edge of the barrel, using as an index a

mark running along the nut. Care must be taken
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to avoid a mistake of a whole turn in reading the

gauge ; if, for instance, nine whole divisions (nearly)

are uncovered by the barrel, and the index points

to 98 hundredths, the reading is 8.98 (not 9.98). It

is safer with many micrometers to confirm the whole

number of revolutions by actually counting them.

In reading the micrometer the divisions correspond-

ing to hundredths of a revolution should be divided

into tenths by the eye (§ 26). A micrometer with

a millimetre thread thus indicates the thousandth

part of a millimetre. In the case of a negative zero

reading, as with the vernier gauge, the minus sign

should be applied only to the whole number of turns.

The diameter of each of the steel balls is deter-

mined in this way to thousandths of a turn of the

screw ; and from the average reading we subtract

the average zero reading, observed before and after

the above with an equal degree of precision. We
find in this way the average number of turns and

thousandths of a turn actually made by the screw.

Dividing the average diameter of the balls (from the

hydrostatic method) by the corresponding number of

turns of the screw, we have finally the distance

through which the micrometer screw advances in

each revolution. This is called the "pitch of the

screw." We shall assume that a micrometer has

been found, reading to millimetres and thousandths

so accurately that in the case of objects of small

diameter, no correction need be applied.
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EXPERIMENT XX.

TESTING A SPHBROMETER.

IT 51. Determination of the Zero Reading of a Spher-

ometer. A spherometer (Fig. 38) is essentially a mi-

crometer Csee IT 50, II.) supported

by three legs (c?, /, g^. The verti-

cal screw (ce) has a head (5) di-

vided into a hundred parts, the

tenths of which may be estimated

by the eye (§ 26). The thou-

sandths of a revolution may thus

be read by means of an index (a).

This index carries a vertical scale

(a/), on which the head of the
^'^^'*-

micrometer (J) registers the whole number of revo-

lutions made by the screw. Both on the scale (a/)

and on the micrometer, the indications should in-

crease as the screw is raised. It is well to renumber

the main scale if necessary, so that negative readings

may be avoided.

The zero reading of a spherometer is its reading

when the point of the central screw is in the plane of

the three feet. To find it, the instrument is set on a

piece of plate glass (Fig. 39) of sensibly uniform thick-

ness, selected by the aid of a micrometer gauge, and the

screw of the spherometer is raised or lowered until

all four points seem to touch the glass at the same

time (see Fig. 40). If the central screw is driven

too far forward, the instrument will not stand firmly
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upon the glass, but will have a tendency to rock.

This will be noticed especially if one of the feet be

held down by the finger, while the other two feet are

subjected to an alternating pressure. In fact, the con-

ditions upon which rocking depends are so delicate

that a change of a thousandth of a millimetre may

cause it to appear or to disappear. When the instru-

ment has been adjusted so that rocking is barely per-

ceptible, the reading is estimated in millimetres to

three places of decimals, in the same manner as in

the case of a micrometer gauge.

1-jG 39. Fig. 40.

On account of possible irregularities in the glass,

at least five readings should be taken in different

parts of one surface ; and as plate glass is apt to warp

slightly in the process of manufacture, five more

readings should be taken on the other surface. The

inean of the values thus found on a piece of glass

of uniform thickness gives the zero reading of the

spherometer, and should be determined after as well

as before any series of measurements such as will be

described in the next section, in order to avoid errors

due to change of temperature and to the wearing

away of the points upon which the instrument rests.
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Tf 52. Determination of the Pitch of the Screw. A
spherometer with a Borewot' known pitch can be used

in place of a miciometer to measure the diameter of

small objects. These are placed

upon the plate glass already used to

determine the zero reading, and the

screw is adjusted so as to touch

them from above (see Fig. 41). If

the point of the screw is very sharp,

and the surface of the object in question convex, great

care is needed in finding the maximum diameter.

To determine the pitch of the screw, we select an

object of known diameter by means of a vernier or

micrometer gauge ; we may determine, for instance,

the diameter of a steel bicycle ball. This is then

fitted as above (Fig. 41) beneath the point of the

screw, and the reading of the spherometer accurately

determined. Subtracting the zero reading, we have

the numb* of turns made by the screw in traversing

the diameter of the ball. Dividing this diameter by

this number of turns, we have (as in IT 50 II.) the

pitch of the screw.

Assuming that the screw has a uniform pitch, it is

evident that the distance traversed by the point of

the screw will always be given by the product of the

number of turns and the pitch of the screw.

^ 53. Determination of the Span of a Spherometer.

The span of a spherometer, or the average distance of

its three feet (c?, /, and g. Fig. 38) from the central

screw (e) in its zero position (Fig. 40) is an impor-

tant element in all calculations relating to curvature
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(see next expeiiment_). It may be determined

roughly by a series of measurements with an ordi-

nary vernier gauge. If diiiiculty is found in measur-

ing directly the distances in question from centre to

centre, an impression of, the feet and central screw-

may be taken on paper, and the distances thus indi-

rectly determined.! For this purpose the student

will doubtless prefer to use a glass scale, if one can

be obtained, graduated in millimetres and tenths. In

such a scale the rulings should be placed

^ J^ next the paper, and examined with a mag-

nifying glass.

If the feet are blunt (as a and h in Fig.

42), the point of contact will be uncertain.

Pig. 42. j^^ g^^i^ ^ ^^^^ ^^ fggj. gjjQuld be sharp-

ened, and the zero reading re-determined.

IT 54. Testing a Spherometer. We have seen ihat a

spherometer may be fitted to a plane surface (1[ 51)

;

in the same way it may be adjusted to a ctirved sur-

face. To brinp; this about, the central screw must he

driven forward, if the surface is concave, or turned

backward if the surface, is convex. The distance

through which it must be moved obviously depends

upon the curvature of the surface in question. The

spherometer can therefore he used to determine the

curvature of surfaces. There are, however, various

sources of error in the use of a spherometer, and to

' Some authorities prefer not to measure directly the distances (ed,

e.f, eg, Fig. 38) of the three feet from the central screw, b\it to calcu-

late the span by multiplying the average of the three distances {df,

fg, gd) between the feet by the square root of one third, or 0.57735.
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detect theae, the instrument is first of all adjusted to

a surface of known curvature, as for instance that of

the sphere used in Experiments 8 and 9,

(see Fig. 43), or if that is not large

enough, to some other sphere of known
diameter. The central screw is set as in

H 51, so that rocking is barely percep-

tible, and the reading of the instrument

is determined with the same degree of

precision as before. At least ten set- ^'O' ^3.

tings should be made on different portions of the

spherical surface; In reducing the results we find

first the average reading of the spherometer, then

subtracting the zero reading we find the number of

turns which the screw has made, and hence the dis-

tance in millimetres through which the point of the

screw has retreated from its zero position, since the

pitch of the screw has been already determined in

If 52. If this distance is d, and the diameter of the

sphere 2), the square (s") of the span of the spher-

ometer may be calculated by the formula (see IT 56,

II.),-

In this formula, all measurements should be ex-

pressed in millimetres. The result should confirm

that obtained by squaring the span actually observed

in 1 53. Slight discrepancies may sometimes be

traced to obliqiiity or excentricity of the central

screw, or to irregularities in the shape of the three

feet.
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EXPERIMENT XXI.

CURVATURE OP SURFACES.

1[ 55. Determination of the Radius of Curvature of a

Spherical Surface. It is frequently required in optics

to know the curvature of the surfaces of a lens

;

for this curvature, together with the nature of the

glass of which a lens is made determines its power

of bringing light to a "focus" (§§ 103-104); and

conversely, if the curvature and j«focussing power

are known, we may find what sort of glass the lens

is composed of. This subject will be fully treated of

in Experiments 41 and 42. It is necessary at present

only to point out that as the surfaces" of lenses are

generally ground to resemble portions- cut out of a

sphere, their curvature may be determined in the

same way as that of any other spherical surface.

The spherometer is set upon the lens as in Figure

44, and adjusted so that rocking is barely perceptible

as in IF 51 and H 54. Ten settings

are thus made on each side of

the lens, the curvatures of which,

even if both are convex, are by no

means necessarily the same. Be-

tween successive measurements
Fig. 44.

the position of the spherometer

should be varied somewhat, so as to determine as well

as possible the average curvature of each surface.

The results are then averaged for each surface

;

the mean zero reading subtracted from each, and the



T56.] CURVATURE OF SURFACES. 89

distance (cZ) between the point of the screw and the

plane of its three feet thus determined. From this,

the diameter, D, of the sphere of which the surface

in question forms a part is calculated by the formula

(see n[ 56, I.),

where s^ is the square of the span already calculated

in the last article.

The " radius of curvature " is found by halving the

diameter.

H 56. Theory of the spherometer. The formulae of

the last two articles depend upon the following con-

siderations : Let a. Figure 45,

be the point of the central

screw of a spherometer, and

h one of the three feet lying

in the plane he, and let ad be

a diameter of the sphere ahd

intersecting the plane Je at e;

then if the screw is properly

adjusted, acb and hcd will be

right triangles. Now ahd is

also a right triangle, being measured by half the semi-

circular arc ad; hence the angles eha and hdc are

equal, both being complementary to chd ; the right

triangles ahc and hdc are therefore similar and we

have

—

_^
ac : ho : : he : ed, whence

cd =^ h<? -^ ac, and

ad-=^ ae -\- cd ^ ac -{ hc^ -4- ac. I.

We are thus able to calculate the diameter of a

sphere (^ad') if we know the span of the spherometer

Fie. 45.
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(Be'), and the distance, ao, between the ijoint of the

screw, a, and the plane of the three feet, bo. We
can also calculate the square of the span be, by tlie

formula, easily derived from the above,

bc'^ = ad X ae — ao^. II.

EXPERIMENT XXII.

EXPANSION OF SOLIDS.

^ 57. Determination of the Coefficient of Linear Ex-

pansion. — By measuring the length of a rod at two

different temperatures, the amount of linear expan-

-JCJI
gssssr

ic

Fig, 46.

sion due to heat may obviously be determined. To
make the expansion measurable, a long rod must be

employed ; and even then delicate instruments are

needed to measure the expansion accurately. A mi-

crometer gauge, especially constructed for this pur-

pose, is represented ia Fig. 46. It consists of a

rectangular wooden frame, beon, capable of admitting

a metallic tod, gi, 1 metre long, between the fixed

point fg and the point of the micrometer screw, ij.
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The rod is surrounded with a. tube, also 1 metre long,

held in plaee by the supports, k and m. The tube is

closed at both ends with corks, thinner near the

middle than at the edges, and serving to keep the

rod ill. position.

A setting of the micrometer is first made with

the rod in position, and the reading determined (see

^ 60, II.) ; the temperature of the rod is then found

by
.
means of a thermometer, A, passing through a

cork, e, in the side of the tube. To determine the

pitch of the micrometer,^ it is turned backward (as

in ^ 52) until an object of known diameter fits be^

tween it and the end of the rod. A new reading is

then made, and the pitch of the screw is calculated

as in the case of an ordinary micrometer gauge

(IF 50, II.).

The screw of the micrometer is now withdrawn, to

allow room for the expansion of the rod, and steam

from a generator (a) is passed through the tube

from the inlet (tZ) to the outlet (Z). As soon as

a steady current of steam appears at the outlet, a

new setting of the micrometer is made.

Subtracting from the last reading of the microme-

ter the original reading, we find the number of turns

made by the screw. From this, knowing the pitch of

the screw (^ 52), we find the expansion of the rod

in mm. Subtracting the original temperature (let us

say 20°) from the final temperature (100°, nearly,

— see, however, Table 14) we find the rise of temper-

^ By using the same micrometer as in U 52, a determination of

pitch will be rendered unnecessary.
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ature which has caused this expansion. To find the

expansion of 1 mm., we divide the total expansion by

the length of the rod in mm. (1,000 mm.') ; and we

divide the quotient by the rise of temperature in

degrees (80° in this instance) to find the .expan-

sion in mm. of 1 mm.^ for 1°. The result is called

the coefficient of linear expansion of the material

of which the rod is composed (§ 83).

^ 58. Errors in the Determination of Linear Ez-

pansiou. — In determining the temperature of a

metallic rod by a thermometer beside it, a consider-

able error is likely to arise unless the temperature of

the surrounding air is constant, and the observation

prolonged. Air is, as we shall see (Experiment 31),

a comparatively poor conductor of heat. To attain

greater accuracy in this experirrient, the tube may

be filled with water, as it is found that an equilibrium

of temperature is reached much more quickly with

water than with air (see ^ 65, (6) ). A still ndore

accurate method is to replace the tube by a trough

packed with melting ice or snow. The mixture

should be stirred vigorously for a few minutes, so

that the rod may acquire a nearly uniform tempera-

ture, not far from 0°. If this method is followed an

observation of the thermometer will be unnecessary.

For rough purposes, the temperature of the steam

which fills the tube in the second part of the experi-

ment may be assumed to be 100° ; but this tempera-

1 The student should note that the expansion of 1 mm. in mm. is

numerically the same as that of 1 cm. in cm. The result does not

therefore need to be reduced to the C. G. S. System.
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ture really depends more or less upon the barometric

pressure. The thermometer cannot be depended

upon to give this temperature correctly, particularly

if the bulb only is surrounded by steam. When ac-

curacy is desired, an observation of the barometer

must be made (see IT 13). The true temperature of

the steam may then be found by Table 14, as will be

explained in Experiment 25.

It is obviously impossible for the whole rod, gi

(Fig. 46), to be in contact with the steam or ice

surrounding it; for even when the' corks are hol-

lowed out, as shown in the figure, so as to leave

nearly the whole surface of the rod uncovered, there

must still be a small portion at each end which the

steam or ice can never reach. The expansion of the

rod will not therefore be as great as it should be.

On the other hand, the points fg and ij, being

heated by contact with the rod, will expand some-

what, and thus make the expansion of the rod ap-

pear to be greater than it really is. To diminish the

conduction of heat, the teeth may be protected by

the use of insulating material, or by simply pointing

them. In all cases contact should be maintained

only as long as may be necessary to make a reading

of the micrometer. There is alwaj'S more or less un-

certainty as to temperature when a hot and a cold

body are in contact. To eliminate errors arising from

this source, it would suffice to construct a new ap-

paratus, which should be as short as possible, but

otherwise similar to the first, and to calculate the

results from the difference of expansion in the two
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cases, according to the general method suggested in

§32.

There is, however, no way to allow for the expan-

sion of the sides of the gauge, caused by the warmth

of the steam jacket. We meet here, in fact, one of

the fundamental difficulties in the accurate measuie-

ment of expansion,— namely, changes in the length

of the instruments by which expansion is measured.

To avoid errors from this source, a glass tube is

sometimes substituted for the metallic tube repre-

sented in Fig. 46, so that the expansion of the rod

may be observed from a distance. In the most ac-

curate determinations, the gauge or standard used for

comparison is insulated from all sources of heat, and

even, in some cases, maintained artificially at a uni-

form temperature.

The expansion of a gauge constructed, like that

shown in Fig. 46, principally of wood (see Table 8, b),

and with sufficient space for the circulation of air,

will be found in practice to be very slight ; but, in

the absence of special precautions, the student should

not expect his results to contain more than three

significant figures (§ 55).

EXPERIMENT XXIII.

EXPANSION OF LIQUIDS, I.

^ 59. Determination of the Coefficient of Iizpansion

of a Liquid by the Method of Balancing Columns.— A
convenient form of apparatus for this experiment
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(see Fig. 47) consists of two vertical metallic tubes,

ch and^^', about one metre long, with horizontal elbows

(ed, ef, hi, and ij} at each

end. The lower elbows are

connected together with a

rubber tube (i), while each of

the upper elbows is joined to

one end of a differential gauge

(aJ) by one of the rubber

couplings (d and e). Each

of the tubes ch and/j" is sur-

rounded with a larger tube, or

^^jacket," which can be filled

either with melting ice, with

water, or with steam. The

spouts g and k are to be

used either as inlets or as out' J^^^

lets, as the experiment may

require.

The liquid whose expansion is to be investigated

is first freed from any air which may be held in solu-

tion, by boiling it, then poured steadily through a

funnel into the tube a until, after completing the

circuit (^adchijfeb), it issues in a continuous stream

from b. The whole apparatus is now inclined first to

the right and then to the left, so that any bubbles of

ai-r which may be lodged in the horizontal tubes may

have an opportunity to escape. A little liquid is

next poured out, until the column stands at the

level J. This level should be the same, at first, on

both sides of the gauge.

Fig. 47.
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Steam is then admitted to the jacket eg through

the spout g ; and the jacket fk is filled with water

fi'om a faucet by a tube connected to tlie spout k.

The temperature of the water is observed after it

reaches the top of the tube, /. The height of tlie

liquid in each side of the gauge {a and 6) is measured

as soon as it becomes stationary, by means of a milli-

metre scale, as in Experiment 16. (See ^ 42.) The

vertical length of the tube {ch) is finally measured be-

tween the elbows (^cd and hi), from centre to centre,

as close as possible to the jacket. This, measurement

should (strictly) be made while the tube is still

heated by steam.

When the apparatus has become sufficiently cool,

the water is emptied out of the jacket fk, which

is, in its turn, filled with steam, while the jacket

eg is cooled by water from the faucet. The tem-

perature of the water and the reading of the gauge

are observed as before ; in this case, however,

the vertical distance fj is measured. The object

of interchanging the jackets is (see § 44) to elimi-

nate errors due to capillarity, or in fact any cause

which might tend constantly to raise or lower the

level of the liquid on one particular side of the

gauge.

Instead of admitting steam to one of the jackets,

melting ice may be employed, or water at various

temperatures, which must, of course, be observed.

The other jacket is always maintained at a tempera-

ture not far from that of the room, by the water with

which it is filled.
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^60. Precautions in determining Expansion by the

Method of Balancing Columns.— It is evident that

the temperatuTes employed in this experiment must

not be higher than the boiling-point nor lower than

the freezing-point of the liquid in question, and that

this liquid must not be such as to act chemically on

the tubes which contain it. Even a very slight

action may generate a quantity of gas sufficient to

impair the accuracy of the results. The air dissolved

in the liquid must be completely boiled out before the

experiment, since otherwise bubbles are apt to form

when heat is applied. The tubes should be large

enough to allow the escape of any air which may be

carried into them while they are being filled ; but

small bubbles can sometimes be dislodged only by

jarring the whole apparatus.

The tubes should be completely surrounded with

the steam, water, or melting ice by which their tem-

perature is to be regulated. There should be a free

vent through one of the sponts {g or K) for the water

formed by the melting of the ice, otherwise the tem-

perature of the mixture may rise above 0°. If steam

is admitted through one of these spouts, the jacket

should be partly covered, leaving only a small opening

through which the steam should escape in a slow but

continuous stream. If the jackets contain water, the

latter should be stirred vigorously to secure a uni-

formity of temperature. It is well also, in this case,

to find the reading of a thermometer at different

levels. This will require either a self-registering

thermometer, or one with a very long stem. If the

7
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temperature is not uniform, the average temperature

must be calculated.

^

The jackets {eg and jTi) should be made vertical

by a plumb line, as nearly as the ej'S can judge, and

also both branches of the gauge (a6). The tubes cd,

ef, and hj should be perfectly horizontal, in those

portions at least which are affected by the flow of

heat to or from the jackets. The gauga (ah') should

be maintained at a uniform tempei'ature (the same

always as that of one of the jackets) by surrounding

it, if necessary, with water. The tubes of which this

gauge is constructed should be of the same uniform

calibre, and both perfectly clean, otherwise the effects

of capillary action maj' not be perfectly eliminated.

It is well to make sure, both before and after the ex-

periment, that the liquid stands at the same level on

both sides of the gauge when the temperature in the

two jackets is the same.

To obtain the most accurate readings of such a

gauge, a double sight should be em-ployed, as in the

case of a standard barometer. The setting is always

made so that the plane of the sights may be tangent

to the meniscus, or curved surface of the liquid (see

^13 and ^ 42). The sights may be provided with

a vernier reading to tenths of a millimetre.

*[[ 61. Theory of Balancing Columns at Unequal

Temperatures.— The difference in hydrostatic pressure

between the two liquid columns,*;^ and^', is balanced

1 The average temperature will be indicated at once by an air

thermometer of sufficient length, which the student himself may be

interested to construct. See Experiment 26.
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by the pressure of a column of liquid reaching from

a to &, or more strictly, by the difference between the

hydrostatic pressure of such a column and that of an

equally long column of air. The latter, being exceed-

ingly light, may be left out of the account. To sim-

plify calculations, we will suppose all the tubes to

have a cross-section of 1 sq. cm. Then if d is the

difference in cm. between the two levels (a and 5) in

the gauge, wlien it is maintained at the same tem-

perature (0 as the jacket fj ; and if I is the length

of the column ch at a higher temperature, f^; then

I cu. cm. of the liquid at the temperature t^ plus d

cu. cm. at the temperature t^, balance I cu. cm. at the

temperature ty. It follows that I cu. cm-, at t^° must

balance (I— d) cu.cm. at ti°. Now two columns of

liquid of the same cross-section cannot balance one

another unless they have the same total weight

;

hence the same quantity of liquid which occupies

(J,
— dy cu. cm. at t^° must expand by the amount

d cu. cm. when heated to t^°, since it then occupies

I cu. cm. If an expansion of d cu. cm. is caused by

a rise of (t^— ti") degrees, 1° would cause an expan-

sion in the average (^— t^) times less than d cu. cm.;

and since the expansion of 1 cu. em. would be (?— d)

times less than that of (I— cZ) cu. cm., the expansion

(e') of 1 cu. cm. for 1° would be

d
J

This expression becomes somewhat modified when

the gauge is at the higher temperature, t^. We have,
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then, (Z+ d) cu.cm., all at the temperature ij, balancing

I cu, cm. at the temperature t^ The expansion is as

before, d cu. cm. ; but the quantity expandiug is no

longer (Z— c^), but I cu. cm. The expansion e" per

cu. cm. per degree is therefoie

d

l{t,~t,)
II.

We have assumed so far that the tubes have a

cross-section of 1 sq. em. ; but the principles of hy-

drostatic pressure are independent of cross-section

(see § 63) ; hence the solutions found in one case

may be applied to all. The method of balancing

columns is the only one wliich enables us to measure

the expansion of a liquid without taking into account

changes in the capacity of the vessel in which the

liquid is contained.

The object of this method is to determine an aver-

age coefficient of expansion between two tempera-

tures rather than the true coefficient of expansion

(§ 83) at any particular temperature. The results

may differ considerably from those contained in

Table 11, which refers in nearly all cases to the

expansion of liquids frem 0° to 1° Centigrade. We
consider, moreover, the expansion of a quantity of

liquid measuring 1 cu. cm. at the lower of the two

temperatures observed instead of at 0°. The result

given by the formulae of this section should, therefore,

be designated as the relative coefficient of eaypansion

from t° to t°, that is, from the lower to the higher

temperature.
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EXPERIMENT XXIV.

EXPANSION OF LIQUIDS, II.

^ 62. Determination of the Coefficient of Expansion

of a Liquid by means of a Specific Gravity Bottle.—
The experiment consists essentially of a repetition

of Experiment 14, with a given liquid at two or

more different temperatures. These temperatures

should be separated from one another as widely as

possible, in order that the densities observed may

differ by an amount large enough to be accurately

measured. The temperatures themselves must be

determined with the greatest carg;, particularly if

they are far above or far below the temperature of

the room ; for in this case rapid changes will take

place and must be guarded against.

A convenient way of heating a liquid in a specific

gravitj'' bottle to a uniform temperature, is to sur-

round the bottle up to the neck with hot water.

To prevent evaporation, the bottle should be closed

temporarily by a cork, with a hole made in it

sufficiently large to admit freely the stem of a ther-

mometer, to which a brass fan is attached (see Fig.

60, ^ 65). By this means the liquid is continually

stirred until a maximum temperature is reached.

As soon as the reading of the thermometer has been

observed, the stopper is inserted, with due care not to

enclose bubbles of air (see ^f 32, Fig. 19). The bottle

is then carefully dried, and weighed at leisure (see

^ 33), after cooling to the temperature of the room.
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The student is advised not to attempt determina-

tions of density below tlie temperature of tlie room,

on account of the obvious difficulty of preventing

the loss, especially in the case of a volatile liquid,

of the portion which is forced out of a specific

gravity bottle by its gradual rise of temperature.

He should, however, make at least two determina-

tions of density above the temperature of tlie room,

with the liquid already employed in Experiment 14

;

and he should repeat rapidly the determination made

in that experiment at the temperature of the room,

to make sure that the result has not been seriously

affected by atmospheric changes, or by variations of

the density of the liquid due to evaporation or other

causes. Coefficients of expansion are then calculated

and reduced as explained in the next section.

^ 63. Calculation of Coefficients of Expansion. —
Let ij, %, tg, etc., be the temperatures at which the

densities d^, d^, d^, etc., respectively, have been deter-

mined and calculated, essentially as in ^ 38. The

results are first represented by points plotted on co-

ordinate paper (see Fig. 48), and connected by a

curve drawn with a bent ruler, essentially as in § t59.

The necessary forces should be applied to the ruler

as near the ends as possible, in order that the curve

may be continued downward as far as 0°. The

density of the liquid {da) at 0° is now inferred by

means of this curve (see § 59).

The specific volumes, v„, v,^, v^, v^, etc., correspond-

ing to the densities d^, c?„ d^, dg, etc., are now found

by the formulae derived from ^ 37, —
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«o= l -^d^; v^. d^; v.^^1 -h dj^; Vj= 1 -=- d^.

etc. Evidently a certain quantity of liquid expands

by the amount (v^— v^) ou. cm. when heated from the

temperature t^ to the temperature t^; that is, (^2—*i)

degrees. The expansion p6r degree is therefore

{y^ — v{) -j- (^2 — ^i) Since the quantity of liquid

•04 -83 -ag -81 -DO '79 -78

SO"

30*

'.ODDD-OOJO-OOII- 0012 -OOB'OOT^- 0015

50'

10'

30"

to"

W

if-

Fig. 48. Fig. 49.

thus expanding occupies v,^ cu. cm. at 0°, the ex-

pansion (e) of a quantity occupying 1 ou. cm. at that

temperature would be one v^th as large, or

e =
i>o (p2— ii)

The coefficient e which determines the expansion

of a quantity of liquid occupying the unit of volume

at the standard temperature (0°) is a true as distin-

guished from a relative coefficient of expansion (see

^ 61) ; it expresses, however, the average expansion

between the two temperatures t^ and t^. We find in

the same way the average coefficient of expansion from

t^ to % by substituting, in the formula above, t^, 4, v^,

and Vg, for <,, t^., Vj, and v^, respectively. Each result

may be represented on co-ordinate paper by a cross,

at the right of a point half-way between the two

temperatures in question, and under the correspond-
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ing coefficient of expansion (see Fig. 49). A line

drawn tlirough these points represents approximately

the coefficient of expansion at any given tempera-

ture. It is clear, however, that with only two de-

terminations of the coefficient of expansion, we can-

not tell even whether this line should be straight or

curved.

EXPERIMENT XXV.

THE MERCURIAL THERMOMETER.

^ 64. Preservation of a Mercurial Thermometer. —
It would seem hardly necessary to point out that a

mercurial thermometer is an exceedingly fragile in-

strument ; but in the processes of manipulation about

to be described, it is frequently required that a ther-

mometer should be subjected to forces very near the

limit of its strength, and which, even in skilled

hands, may break it. The student is therefore ad-

vised to experiment with thin tubes or strips of win-

dow-glass, before attempting the calibration of a

thermometer ; and to examine the almost micro-

scopic thickness of the glass constituting the bulb,

before subjecting it to any considerable pressure.

In respect to its resistance to a blow endwise, the

bulb of a thermometer may perhaps be compared

to the point of a lead-pencil when moderately sharp.

In attempting to move the mercury in the thermome-

ter by centrifugal force, the student should limit

himself Jo such velocities as he might give to a

palm-leaf fan. More thermometers are broken by
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suddenly arresting than by suddenly creating the

necessary velocity. If a glass thermometer be tem-

porarilj'^ mounted on a wooden support, like an or-

dinary house thermometer, it may be much more

roughly treated with the same safety.

The full heat of a flame should never be applied

immediately to any glass instrument, since fracture

will almost inevitably result. By giving to a flame

a waving motion, heat may be applied as slowly as

may be desired. As soon as the glass acquires a dull-

red heat the danger of fracture is past. There will,

however, be no occasion for so high a temperature in

the case of a thermometer. The student is particu-

larly cautioned against plunging a cold thermometer

into hot mercury,^ or a hot thermometer into any

cold liquid whatsoever.

In applying heat to the bulb of a thermometer,

care must be taken not to drive out more mercury

than there is room for in the expansion chamber

at the top of the instrument. The temperature of

the mercury should not be raised above its boiling-

point 2 (350° C.) in any part of the thermometer

;

for the pressure of the vapor, being transmitted to

the bulb, will be likely to cause an explosion.

^ 65. Precautions in the Use of a Mercurial Ther-

mometer.— (1) Temper. -— In addition to the dan-

1 The thermometer should be placed in the mercury while cold,

and gradually heated with the mercury. On account of its rapid

conduction of heat, mercury is more likely to cause fracture than

other liquids.

2 Speciajl thermometers are now constructed so as to read safely aa

high as the boiling point of sulphur (440° C).
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ger of fracture, the accuracy of a thermometer may

be greatly impaired by any wide change of tem-

perature, especially if the change be sudden. After

a tliermometer is freshly made, there is found to be

a gradual contraction of the bulb, which continues

perceptibly for months and even for years. This

accounts for the fact that nearly all old thermome-

ters stand somewhat too high,- although they are not

supposed to be graduated until the contraction of

the bulb has ceased. The value of a thermometer

evidently depends partly on its age or " temper."

This value may be completely destroyed by a sudden

change of temperature.

(2) Change op Fixed Points.— In fact, when

a thermometer is simply heated to the temperature

of steam, then cooled as gradually'- as possible, the

readings are almost always affected to the extent of

one or two tentlis of a degree. In the course of

a month the thermometer may return to its former

reading, but the change is gradual. It is therefore

customary to test a thermometer— in ice, for in-

stance— (see ^ 69, II.) after testing it in steam (see

^ 69, I.), or in fact after subjecting it to any consid-

erable cliange of temperature.

(3) Continuity of the Meecueial Column.
— Errors in reading a thermometer frequently arise

from a break in the mercurial column, which can be

guarded against only by inspection. A slight jar-

ring is usually sufficient to make the column reunite ;

but when a small bubble of air interrupts the col-

umn, or when in the expansion chamber a globule
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becomes separated from the rest of the mercury,
special precautions are necessary (see ^^ 65, 67).

(4) Temperature op the Stem. — To make an
accurate determination of temperature with a mercu-
rial thermometer, it is necessary that the mercury, in

the stem as well as in the bulb, should be raised to the

temperature in question. In a thermometer reading

to —10° C, for instance, if the bulb only is heated,

the errors, even if the thermometer is correctly

graduated, will be as follows: at 50°, — 0°.5 ; at

100°, — 2°.0; at 200°, — 7°.6; at 300°, —17°; etc.

As the temperature rises, more mercur}'^ flows into

the stem, and it becomes still more important to heat

this mercury to the given temperature (see ^ 84).

(5) UNiEOEMiTr OP Temperature.— In nearly

all determinations of the temperature of liquids, it

is necessary to make use of some stirring

apparatus, to secure a uniformity of tem-

peiature. A small fan of thin sheet brass

is customarily attached to the stem of the

thermometer, just above the bulb. The

stirring is accomplished by twisting the
j.^^ gQ

stem of the thermometer. Special de-

vices are necessary when finely divided substances

are employed, though the stem of the thermometer

itself may (with due care) occasionally be used,

especially in mixtures, as of powdered ice and water,

where the resistance will be exceedingly small.

(6) Time required.— The lengtli of time required

to attain an equilibrium of temperature depends largely

upon the conductivity of the surrounding medium, and
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upon the degree of accuracy which is aimed at. Let us

suppose that a thermometer is taken out of a mixture

of ice and water, and placed in air at 32° ; if at the

end of one minute it rises 16°, that is, half-way

towards its final temperature, we may expect it to

accomplish in another minute half of what is left,

or 8°, according to the general law explained in § 89.

The temperatures attained would thus be as follows

:

in 1 m., 16°; in 2 m., 24°; in 3 m., 28°; in 4 m., 30°;

in 5 m., 31°; in 6 m., 31^, etc. At the end of 10

minutes the reading would differ from 32° by only

-^ oi a degree, a quantity hardly perceptible to the

eye on an ordinary thermometer. Now, if the ther-

mometer had been placed in water at 32° instead of

in air, the temperature would have reached 16° in a

few seconds ; and at the end of a minute it would

have indicated 32° within a very small fraction of a

degree. Again, a mixture of hot lead and cold water

may take several minutes before the temperature is

practically equalized.

One almost always knows, at least roughly, what

the final temperature will be. A useful rule is to

observe how long it takes the temperature to reach

a point half-way between its original and its final

value; then to allow from ten to twenty times as

long a time before making a determination of the

temperature, according to the degree of accuracy

required.

(7) Other Precautions. — The necessity of

shielding a thermometer from radiation has been
already alluded to (^ 15). Delicate thermometers
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ma}' be perceptibly affected by mechanical, hydro-

static, or even barometric pressure on the bulb, and

by mercurial pressure from within. Such thermome-

ters should be tested both in a vertical and in a

horizontal position. Other special precautions will

be mentioned as the necessity for them arises.

^ 66. Selectiou of a Mercurial Thermometer.— For

the purpose of calibration, it is best to select a glass

thermometer^ graduated on its own stem (be. Fig.

51), in degrees at least 1 mm. long, from 0° to 100°

centigrade, with a few divisions above 100° and

below 0°. The bulb (aJ) should have a volume ' of

nearly 1 cu. cm. ; and the expansion chamber (c) at the

top of the thermometer should have about ^^ of this

Fig. 51.

capacity. The bulb (a6) should for convenience be

elongated as in the figure, so as to pass freely throiigli

a hole in a cork fitted to the stem of the thermometer.

The expansion chamber should be pear-shaped (see e,

Fig. 51), since otherwise particles of mercury are

likely to lodge there. The shape and size of the tube

must be such that mercury may be made to flow, with

a little jarring, from one end to the other ; and the

quality of the mercury such that there is no tendency

for the column to break up into small fragments.

1 The volume of a thermometer bulb may be estimated by the

quantity of water displacerl in a small measuring glass (IT 85). A
small bulb usually implies a stem of small calibre, which may give

rise to difficulty in calibration.
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^ 67. Manipulation of a Thread of Mercury. — It

is frequently required in the calibration of a ther-

mometer to separate from the rest of the mercury in

the stem of the thermometer a thread or column of

a given length, and to place it in a given part of the

stem. When a thread has been broken off, it may be

easily moved (by suflQciently inclining or sw^inging

the thermometer) under the influence of its own
weight or inertia. For slight motions, jarring is

often efficient. The place where the thread breaks

off is generally determined by a microscopic bubble

of air. To find the location of this bubble, the ther-

mometer is inverted. If a thread of mercury sepa-

rates at once from the rest, the position of the bubble

is evident; if the mercury runs in an unbroken col-

umn into the expansion chamber, a small quantity of

air will probably be found in the -bulb; and if the

mercury flows easily back again, there is probably a

little air in the expansion chamber.

The (nearly) empty space in the bulb caused by

the flow of mercury into the expansion chamber has

in any case the appearance of a bubble, which may

be made to rise into the neck (J, Fig. 51) by sud-

denly turning the thermometer into an upright posi-

tion. If it really contains air, it may be worked up

into the stem by jarring the thermometer, especially

before all the mercury has had time to flow back from'

the expansion chamber. If the experiment has been

successful, a thread of mercury may now be broken

off by inverting the thermometer, and tapping it

gently on the table.



IT 67.] THE MERCURIAL THERMOMETER. Ill

In the absence of air in the bulb or in the stem, it

remains only to make use of air in the expansion

chamber. As much mercury as possible is first made

to flow into the expansion chamber, and detached

from the rest by jarring the thermometer while in a

horizontal position. Then the rest of the mercury

is returned to the bulb. If there is any air in the

expansion chamber, a part of it will now flow into

the bulb ; and when the globule of mercury is once

more returned to the bulb by centrifugal force

(see ^ 64), a thread of mercury can probably be

separated.

The presence of a bubble of air' in the neck of the

bulb (6) greatly facilitates the adjustment of the

length of the thread of mei'cury which will break

off when the thermometer is inverted. If the bulb

is slowly heated or cooled by a certain number of

degrees, the mercury will usually flow hy the bubble

without dislodging it, thus lengthening or shortening

the thread by that same number of degrees. The
surest way, however, of shortening a thread of mer-

cury bj"- a few degrees is to hold the thermometer

upright and jar it slightly (see ^ 64), so that the

bubble may rise farther and farther into the stem.

If at the same time the bulb is gradually cooled, one

may be perfectly sure of shortening the thread to

any extent. There is no certain^ method of increasing

the length of a thread of mercury, except by trans-

ferring it to the expansion chamber, and adding to

1 Few, if any, thermometers will be found to be entirely free

from air.
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the globule thus formed more or less mercury from

the stem. The globule is then detached and forced

backward mto the stem, as has been previously de-

scribed. To prevent it from all returning to the bulb,

the latter should be warmed somewhat. The thread

will. now, probably, be niuch too long; but may, as

we have seen, be shortened at pleasure.

Certain difficulties which are occasionally met in

these manipulations may be avoided by the cautious

application of heat (^ 64). It is sometimes impos-

sible to force mercury from the expansion chamber

into the stem either through its weight or through

its inertia, especially when through accident the ex-

pansion chamber has been allowed to become com-

phtely full. Heat should then be applied to the top

of the expansion chamber until the mercury is driven

out by the pressure of its own vapor. When a

thread of mercury can be broken off in no other way,

heat may be applied to the stem of the thermometer

at the point where a separation is desired. When the

mercury refuses to leave the bulb, the flow may be

started by slightly warming it ; in fact, any desired

quantity of mercury may be forced into the expan-

sion chamber in this way (see, however, ^ 65, (1)).

When the calibration of a thermometer has been

finished, as will be explained in the next section,

it is well to remove the bubble of air from the mer-

cury. This is done either by cooling the bulb in

a freezing mixture (as, for instance, ice and salt)

until no mercury remains in the stem ; or if this is

impossible, by heating the bulb until the air is driven
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into the expansion chamber. In either case a slight

jarring should free the bubble from the mercury.

If the bubble is too small to respond to this treat-

ment, it will hardly affect the accuracy of results,

unless it actually causes a break in the mercurial

column (see ^ 65, (3) ).

^68. Calibration of a Mercurial Thermometer. —
A thread of mercury, about 50° in length,^ is placed

so as to reach first from 0° upwards, then from 100"

downwards. The reading of the end near 50° is

taken to a tenth of a degree in both eases, as will be

explained below. This enables us to detect any dif-

ference in calibre between the upper and lower parts

of the thermometer. Next, a thread about 25" long

is made to reach first from 0°, then from 50° upwards,

then also from 50° and from 100° downwards, with

exact readings of the end near 25° or 75°, as the

case may be. These will enable us to compare the

different quarters of the tube from 0° to 100°-. It

is not necessary, for most purposes, to carry the pro-

cess of calibration any further.

To avoid patallax (§ 25) the eye may be held so

that the divisions of the scale seem to coincide with

their own reflections in the thread of mercury. One

end of the thread is always placed so as to coincide ex-

actly with a given division line of the scale ^0°, 50°,

or 100°), so that any error in the estimation of

tenths of degrees will be confined to the reading of

the other end. To reduce this error to a minimum,

1 A thread from 49° to 51° will answer. In cases presenting

special difficulty, a greater latitude may be allowed.
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the student is advised to study or to construct for

himself diagrams lil^e the following (Fig. 52), show-

ing the appearance of a mercurial column when

dividing the space between two lines into a given

number of tenths, and to identify the reading iu

each case with the diagram which it most resembles.

Before calculating a table of corrections (see ^ 70)

from the results of calibration, it is necessary to de-

termine two " fixed points " on the scale of the ther-

mometer, as will be explained in the next section.

t ±
-5 -g- -7 -a &- o

Fig. 52.

IT 69. Determiuation of the Fixed Points of a Thej-

mometer.^— I. The mercurial thermometer is placed

in a steam generator (Fig. 53) so that the bulb and

nearly the whole of the stem may be surrounded

with steam. Only the divisions above 99° project

above the cork (a) by which the thermometer is held

in place. When the greatest accuracy is desired, the

sides of the generator are made double, as in Fig. 54.

B}-^ this means the inner coating, being surrounded

on both sides with steam, will have a temperature of

100° nearly, and there will be no radiation of heat

between it and the thermometer, since radiation de-

pends upon a difference of temperature (§ 89). It is

1 The student who is interested in the changes produced in a ther-

mometer by the application of heat will do well to observe the

freezing-point before as well as after the boiling-point.
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important also to construct a shield of some sort so

that the boiling water in the bottom of the apparatus

may not be spattered upon the bulb of the thermom-

eter. Such a shield is moreover useful in prevent-

ing the thermometer from dipping into the water.

It must be borne in mind that the temperature of

boiling water is very uncertain, being sometimes

Fig. 53. Fig. 54.

several degrees above the true boiling temperature,

even when the water is perfectly pure, owing to the

adhesion of the liquid to the sides of the vessel con-

taining it. On the other hand, the temperature at

which steam condenses depends only upon the pres-

sure to which it is subjected.
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It is possible, with an apparatus like that shown

in Fig. 53, particularly if the spout (6) be small, to

generate steam so rapidly that the pressure may be

perceptibly greater within the generator than it is

outside. Care must be taken to check the supply of

heat until the feeblest possible current of steam

issues continuously from the spout. The atmospheric

pressure is then to be observed by means of a barom-

eter ( [4] Fig. 53), and the reading of the thermom-

eter determined within a tenth of a degree (see ^ 68,

Fig. 52). If the barometer happens to stand at

76 cm., this reading is called the "boiling-point" of

the thermbmeter, otherwise a correction must be

applied, as will be explained in the next section.

ir. -The thermometer is now allowed to cool as

slowly as possible to the temperature of the room, so

as not to destroy its "temper" (^65,(1)),

then surrounded in a beaker with a mixt-

ure of water and finely-powdered ice (Fig.

55), well stirred and covering the scale

within one or two divisions of the zero

mark. The melting-point of ice is not

perceptibly affected by barometric or ordi-

nary mechanical pressure. The ice must be pure

and clean. The bulb of the thermometer must not

be jammed by the ice (^ 65, (7) ). The reading' is

to be accurately observed (^ 68). This reading is

called the " freezing-point " of the thermometer.

The boiling and freezing points are calkd the two

"fixed points" of a thermometer, and from them,

with the results of calibration, a complete table of
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corrections should be calculated, as will be explained

in the next section.

^ 70. Calculation of a Table of Corrections for a

Thermometer.— The correction of a thermometer at

0°'is found at once by reversing the. sign of the read-

ing in melting ice (see ^ 69, II., also ^ 41). If, for

instance, the reading in melting ice is -|-0°.9,' the

correction at 0° is — 0°.9. The correction at 100° is

found by subtracting (algebraically) the actual read-

ing in steam from the true temperature of steam cor-

responding to the barometric pressure observed.

(See Table 14.) Thus if the thermometer reads

99°. when the barometer stands at 72 cm., since the

true temperature of steam at this pressure is 98°. 5,

the tliermometer stands too high by 0°.5, and the cor-

rection is — 0°.5. It is obvious that under the nor-

mal pressure (76 cm.) the thermometer would indicate

100°.5 instead of 100°.
; hence the standard boiling-

point is 100°.5 on this thermometer. We find the

standard boiling-point in general by adding (numeri-

cally) to 100°.0 the correction (at 100°) if the ther-

mometer is found to stand too high, or subtracting

the same if the thermometer stands too low;.

Let us now suppose that in the calibration of the

thermometer a given thread of mercury reached from

0° to 49°.5; if the bottom of this thread had been

placed at the observed freezing-point (-|-0°.9) instead

of at the mark 0°, it would evidently have reached

farther up the tube. Since the length of the thread

can hardly vary by a perceptible amount when it is

moved less than one degree, even in a tube with



118 EXPANSION OF LIQUIDS. [Exp. 25.

considerable variations of calibre, we may assume

that the thread would reach a point just nine tenths

of a degree higher than before ; in other words, it

would reach from 0°.9 to 50°.4. In the same way, if

the thread is found to reach from 100° to 50°.7, we

infer that it would have reached from the standard

boiling-point (found by observation to be at 100°.5)

to a point five tenths of a degree above 50°. 7, or

51°.2. Between 50°.4, and 61°.2 we find a half-way

point 1 on the thermometer, namely 60°. 8. If the

thread of mercury had been four tenths of a degree

longer it would have reached to this half-way point,

either from the freezing-point or from the boiling-

point. We infer that the volume of the tube in-

cluded between the boiling and freezing points is

exactly halved at 50°. 8. Now, by definition, the tem-

perature at which the mercury reaches this point is

50°. 0, according to a perfect mercurial thermometer

;

hence the correction for the thermometer at 50° is

—0°.8.

In the same way we find the correction of the

thermometer at 25°, then at 75°, by considering how
far the shorter thread (25° long) would have reached

if one end had been placed at -^-0°.9 instead of 0°,

at 50°.8 instead of 50°, or at 100°.5 instead of 100°.

We thus find two points near 25°, and half-way be-

tween them a third point, showing where the ther-

mometer would stand at a temperature of 25°,

1 This point is sometimes called the " middle point " of a ther-

mometer; but some authorities mean by the "middle point" one
half-way' between the divisions numbered 0° and 100° respectively.
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according to a perfect mercurial thermometer ; we find

also the indication of the thermometer for a temper-

ature of 75°; and hence also the corrections at 25°

and 75°.

The corrections at 5°, 10°, 15°, etc., up to 100° are

finally calculated by interpolation. Thus if the cor-

rection at 25° is found to be —0°.8, and at 75°, —0°.7,

we should find the following table :—
TABLE OF CORRECTIONS.

0°
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To test the' calibre of the tube, we first weigh it

when empty; then we pour in some pure mercury

(see *[] 13) to a depth, let us say, of 5 em., working

it well into the bottom of the tube by means of a fine

steel wire. The depth of the mercury is then found

as accurately as possible by the millimetre scale, and

the tube is re-weighed. Then more mercury is

added, a little at a time. After each addition, the

depth is recorded, and the corresponding weight is

found. This process is continued until the tube is

nearly filled with mercury, wlien the calibration

is complete.

Subtracting from each weighing that of the empty

tube, we find the amount of mercury contained at

each step in the process. Multiplying eacli weight

of mercury in grams by the space in cu. cm. occupied

by each grarh (0.0738 at 20°) we have the capacity

of the tube corresponding to the different depths ob-

served. The results are to be entered on co-ordinate

paper in the usual method

(§ 59). Thus in Fig. 67

the crosses represent volumes

from •! to '7 cu. cm. corre-

sponding to depths from to

50 cm. The curve enables

us to find the volume of air

enclosed by the index of mer-
cury (J, Fig. 56) at any point of the tube. It is easy

to show by geometry that unless the crosses all lie in

the same straight line, the tube cannot be of uniform
calibre.

•10 -20 -30 '40 -50 -60 -70

Fig. 57.
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.^ 72. Precautions in the Use of an Air Thermometer.

—

To obtain accurate results with an air tliermometer,

it is necessary that the tube should be perfectly

clean ; for any foreign matter may interfere with the

free motion of the mercury index. If in the process

of calibration the tube has become coated with the

impurities which mercury sometimes contains, it

should be scoured with a small wad of cotton on the

end of a fine steel wire. Moisture in the tube must

be avoided with the utmost care, on account of the

vapor which it generates when heated ; and in case

the slightest trace of condensation appears, the

tube must be heated, and dried by a current of air

conducted through a still finer tube to the very

Fig. 58.

bottom of the thermometer. The tube must be large

enough to allow a free motion to the mercury index,

but not so large that bubbles of air may force their

way through the mercury.

The mercury used should be of the purest,— at

least twice distilled, and perfectly clean and dry. It

may be introduced into the tube by means of a medi-

cine dropper drawn out in a flame so as to have a

long fine point (Fig. 58). By piercing the mercury,

as in Fig. 59, and inclining the tube, the position of

the globule may be varied at pleasure. It will be

found convenient to place the index so that the lower

end may point to a number on the millimetre scale
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corresponding to the "absolute temperature" (§ 7.6).

Thus if the temperature of the room is 20°, the lower

end may be placed at a distance of 273 + 20, or

293 mm. from the bottom of the tube. " Absolute

temperatures " are indicated approximately ^ by an

air thermometer thus constructed ; but as the ther-

mometer is affected by barometric changes as well as

by changes in temperature, the indications should

always be corrected by the method explained in the

next section.

To eliminate the effect of the weight of the index,

the experiment should be arra^iged so that the air

thermometer may be observed always in the same

position. It is necessary, also, that the whole col-

FiG. 59.

umn of air, as far as the index, should be heated or

cooled to the temperature which is tp be measured.

The index must therefore be partly covered in many

observations by the heating or cooling apparatus, so

that an observation of the upper or outer end will

alone be possible. In such cases the length of the

index must be allowed for, as what we wish to find is

the space occupied, not by the air and the mercury

together, but by the air alone. The length of the

index must be found by a separate observation in

each case, as it is not necessarily the same in different

parts of the tube.

1 Within a few degrees. The air thermometer here described is

affected to the extent of about 4° for a rise or fall of 1 cm. in the

barometer.
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^73. Determination of Temperature '^ith an Air

Thermometer.— The reading (f) of an air thermome-

ter is observed, let us say, in a horizontal position,

and compared with that of a mercurial thermometer

beside it. The air thermometer is then surrounded

in a horizontal trough by melting snow or ice, and the

reading (r ) of the lower end of the index either di-

rectly or indirectly determined (see IT 72). Then it

is surrounded by steam, in an apparatus similar to

that shown in Fig. 46, ^ 57, and the reading (r^) is

again observed. The air thermometer is finally al-

lowed time to cool to the temperature of the room,

and again compared with the mercurial thermometer.

We will assume, in the absence of any marked

change in the barometer or in the temperature of

the room, that the air thermometer returns to its

original reading, r ; if it does not, the experiment

should be repeated.

Referring to the curve found in the calibration of

the tube (Fig 57, ^ 71), we now find the volumes

V, Wo, Vy, of tlie confined air corresponding respec-

tively to the observed readings, r, >•(„ r^, of the lower

end of the index. The temperature (t") indicated

by the air thermometer is then calculated by the

formula

^=100 ^—\
V,— fo

which is, however, strictly accurate only when the

barometer stands at 76 cm. (see ^ 74, VIIL). It

is interesting to compare the reading of a mercurial

thermometer with the true temperature as indicated
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by an air thermometer, even if (as will probably be

the case) the accuracy of the observations will not

justify a correction of the mercuriiil thermometer.^

Instead of air, coal-gas or hydrogen may be em-

ployed in a thermometer, or in fact any gas not

easily liquefied. The results are essentially the same

as with the air thermometer. At tlie same time that

air thermometers have for various reasons (see ^ 74)

been adopted as standards of temperature, it is found,

by carefully comparing them with mercurial ther-

mometers, that the difference in their indications at

ordinary temperatures is generally small in compari-

son with errors of observation. On account of their

greater convenience and precision, mercurial ther-

mometers are therefore employed in most scientific

determinations.

^ 74. Theory of the Air Thermometer. — The air

thermometer depends upon the Law of Charles

(§ 80), that the volume of a gas under a constant

pressure is proportional to its " absolute tempera-

ture "
(§ 76) ; that is, to its temperature when reck-

oned from a certain point, about 273° centigrade

below freezing, at which it is supposed that all sub-

stances would be completely devoid of heat. If

y, ?"(,, and Ti represent respectively the absolute tem-

perature at which the volumes v,v,„ and v^ were ob-

served, we have, according to the law stated above,

T,:T,::v,:v, I.

T:T^::v:v, II.

1 To lend interest to this experiment, the student may be provided

with a very inaccurate mercurial thermometer.
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From I. and II. we find by one of the ordinary rules

of proportion,

'i'o % '
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bottom of the tube, provided that there were no

change in the rate at which the air contracts. Sub-

stituting in equation VIII. w ^ 0, we have at 76 cm.

pressure,

2= —100°—?^, IX.

in which the factor 100° should strictly be corrected

as in VIII. for barometric pressure. The meaning

of this equation is particularly evident in a special

case. If, for example, in a perfectly uniform tube,

the index falls from a reading of 373 mm. in steam

to a reading of 273 mm. in ice, — that is, 100 mm.

for 100°, or 1 mm. per degree,— it is clear that to

reach the bottom of the tube it must traverse still

farther a distance of 273 mm,, corresponding to 273°

of the same length. The result of this experiment,

when accurately performed with any of the so-called

" permanent gases " is invariably to indicate a tem-

perature not far from —^273° C. for the absolute

zero. It is evident that, if the volume of a gas

contracts by an amount equal to one 273d part of

its volume at the freezing-point for every degree

which it is cooled, the volume will be reduced to

nothing at the temperature of 273° below zero ; and
conversely, if z is the absolute zero, that the gas

must gain or lose one sth part of its volume at zero

degrees when it is heated or cooled 1° centigrade.

The coefficient of expansion (e) (§ 83) is therefore

numerically equal to l-f-z; and maybe calculated

by the formula

100° X V-
^-



1175.] THE AIR THEEMOMETER. 127

The coefficient of expansion of all permanent gases

is in the neighborhood of .00367.

EXPERIMENT XXVII.

THE AIR THERMOMETER, II.

^ 75. Construction of an Absolute Air-Fressure

Thermometer. — A form of air thermometer depend-

ent almost entirely upon pressure is

represented in Fig. 60. It consists

of a U-tube (jaha), with a large bulb

(c) blown at the end of the shorter

arm, and a somewhat smaller bulb

(a) at the end of the longer arm.

The apparatus is sealed at the at-

mospheric pressure with enough mer-

cury to fill the smaller bulb more

than half-full.

It IS evident that at

the absolute zero of

temperature (see §75),

in the absence of any

pressure in either bulb,

the mercury must stand

at the same level in both

arms of the U. To lo-

cate the absolute zero accordingly,

mercury is poured back and forth

from one bulb to the other until no difference in the

level is observed when the thermometer is returned

Fig. 61.

Fig. 60.
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to a vertical position. The zero of a millimetre scale

is now adjusted to this level (see Fig. 61). By pour-

ing mercury into the bulb a (Fig. 60), and suddenly

restoring the thermometer to an upright position, the

mercury in the tube will be found to stand above

its level in the cistern, owing to the compression of

air in e and its rarefaction in a. This process is re-

peated with more or less mercury in a iintil the

column reaches a point b on the scale corresponding

to the absolute temperature (see ^ 72). The ther-

mometer should now indicate any temperature cor-

reclly on the absolute scale, and has the advantage

over that employed in Experiment 26 of being un-

affected by atmospheric pressure.

In practice, the bulb c is made so much larger than

the tube (6) that no account need be taken of the

variation of the mercury level in e. The height of

the mercurial column is measured accordingly by a

fixed scale. The expansion of the air in the bulb c

is also disregarded, together with the compression of

the air in a. All these causes tend to diminish the

sensitiveness of the thermometer.

The air thermometer represented in Fig. 60 depends

upon the principle (§ 76) that the pressure of a gas

which is prevented from expanding increases in pro-

portion to the absolute temperature. When both

bulbs (a and c) contain gas, the pressure in each

increases, and hence also the diflference in pressure

between them increases with the absolute temper-

ature. It follows that the height of the mercurial

column which can be maintained by the difference
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of pressure in question itself varies as the absolute

temperature.

^ 76. Determination of Temperature by the Pressure

ot Confined Air.^—A tube (c, Fig. 62}, already em-

ployed in ^ 71, is to be connected with a mercury

manometer (aJ) constructed as follows : two bottles,

a and 6, are each provided with two siphons passing

through an air-tight stopper, one to the top, the

other to the bottom of the bottle. The long siphons

Fig. 62.

and a thick-sided rubber tube connecting them are

filled with mercury, and enough more is added to

fill both bottles half-full. The mercury stands natur-

ally at the same level in the two bottles ; and without

disturbing this level, the tube c is connected to the

short siphon of one of the bottles, 6, by a thick

1 An experiment illustrating, the increase of pressure produced

by temperature will be found in Exercise 25 of the "Elementary

Physical Experiments," published by Harvard University.
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rubber tube, and the reading of the index determined.

All the joints must be carefully wound with string

to prevent leakage.

The tube c is now surrounded with melting ice,

which may be contained in a horizontal trough (see

^57), leaving only the outer end of the mercury

index uncovered. The position of the index is then

accurately observed. A reading of the barometer is

made. The tube (c) is next surrounded with steam,

in a steam jacket (Fig. 46, T[ 57). The air within c

is prevented from expanding by raising the bottle, a,

on an adjustable platform to a certain height above h

(see Fig. 62). The height of h is to be adjusted so

that the mercury index in the tube c may stand at

exactly the same point as before. The vertical dis-

tance between the mercury levels in a and h is then

measured with a metre rod. The tube c is now

cooled by filling the jacket with water, the tempera-

ture of which is to ba found approximately by a

mercurial thermometer. The height of the bottle, a,

is again adjusted so that the index may return to its

original position ; and the difference between the two

mercury levels is measured as before.

Let A, be the height of the barometei;, A, the height

of mercury required to prevent the air from expand-

ing when heated to 100° (nearly), and h the height

required to confine it at the (true) temperature, t;

if we call the pressures of the air i)„, v^, and v at the

absolute temperatures T„, ?„ and T, respectively ; then

by definition (§ 74) we have, as in ^ 74, I. and II.,

y, : T,:: v, : v, and T i T^ i : v. v^

;
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from which we may find, as before, the temperature,

t (^ 74, VIII.), tiie absolute zero, z (^ 74, IX.),

and a coefficient, e (^ 74, X.), which determines in

this case the proportion in which the pressure of con-

fined air increases when heated 1° centigrade. Sub-

stituting the values of v^, v^, and v, we find

f= 100°A 2= _ioo°5o g— ^1
.

^1 K 100° A„

It is believed that in the case of a perfect gas the

coefficient which determines the increase of pressure

per degree should be the same as the coefficient of

expansion (Experiment 26). In practice, differences

are observed even with the most permanent gases-;

but these differences are small in comparison with the

errors of observation which the student is likely to

make.

It is intei-esting to compare the temperature, t, in-

dicated by an air-pressure thermomcjter with that

indicated by a mercurial thermometer, and to test

the accuracy of the work by calculating the tempera-

ture (z), at which air would be wholly devoid of

pressure, as well as the coefficient e, relating to

change of pressure. If the results agree with the

values given in ^ 74, within one or two per cent, the

student will be justified in applying a correction to

the mercurial thermometer.
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EXPERIMENT XXVIIL

PEESSUBE OP VAPORS, I.

^ 77. Application of the Iiaw of Boyle and Mariotte

in the Air Manometer.— One of the most important

applications of the Law of Boyle and Mariotte

(§ 79) is in the constmction of a pressure-gauge, or

manometer. A simple form is represented in Pig. 62.

It consists of a U-tube, closed at one end

and filled with mercury up to a certain

level, corresponding to No. 1 on the gauge.

The open end of the U-tube is connected

with tlie interior of a vessel, the pressure
"^'

in which is to be determined. If the mer-

cury stands as before at No. 1, we know that the

vessel must be at the ordinary atmospheric pressure.

If, however, the air in the closed arm is compressed

to half its original volume, we know that the pressure

must amount to 2 atmospheres ; if the air is reduced

to one-third its original volume, the pressure is 3

atmospheres, etc. If, on the other hand, the air

expands, the pressure must be less than 1 atmo-

sphere. The pressure in atmospheres may therefore

be indicated directly on a scale properly spaced.

No. 2 is, for instance, half-way between the closed

end of the tube and No. 1 ; No. 3 is one-third way
;

No. 4 one-quarter way, etc. Such a gauge is useful

in experiments where it is necessary to know roughly

the pressure in a closed vessel, as, for instance, a
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steam boiler. When accuracy is desired, it is neces-

sary to increase the length of the tube, to calibrate it

(see ^ 71), and to allow for the hydrostatic pressure

of the liquid in the bend.

The tube already calibrated (^ 71), for the purpose

of measuring the expansion of air, may serve as a

manometer. The manometer may be surrounded (if

necessary) with water, to prevent the temperature

from varying perceptibly in the course of the ex-

periment.

^ 78. Testing an Air Manometer.— Tlie tube (c)

is to be connected, as in ^ 76, with the bottle h

(Fig. 62), and the reading of the index determined.

' When the bottle a is raised, by means of an adjust-

able platform, above the bottle h, the air in 5, and

hence • that in c will be subjected to a pressure

which can be determined by measuring the dis-

tance between the two mercury levels in a and in h

by means of a vertical metre rod (see Fig 62). The

reading of the manometer c is again determined.

The bottle h is now raised above a, so that the air

in b and hence also in c will be rarefied by an amount

determined in the same way as before. To find the

original pressure in c,an observation of the.barometer

is made (^ 13).

Let h be the height of the barometer, \ that of the

column (a5) producing compression, h^ that produ-

cing rarefaction ; and let the corresponding volumes

of air enclosed by the index in c be respectively

(see ^ 71, Fig. 57) v, v^, v^, at the pressures p, p^, p^

;

then evidently p = A; Pi = A-j-Aj; p^ = h— h.^.
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Now, according to the law of Boyle and Mariotte

(§ 79),

hence we should find

V Xh.=:v^X (^+^,) =ViX (h— h).

If these products difFer by an amount greater than

can be attributed to errors of observation, the deter-

minations upon which they depend should be repeated

before making use of the manometer.^

IT 79. Determination of the Pressure of a Vapor by

an Air Manometer.— The air manometer which has

just been tested, is first read at the atmospheric

pressure, then connected with a thick rubber tube to

Fis. 64.

a stout tube of glass, closed at one end, and contain-

ing ether, already boiling (Fig. 64). The boiling

may be effected with safety ^ hj hot water, between

50° and 60°. The manometer should be horizontal,

but raised somewhat, so that the ether condensing in

the rubber tube may run back into the boiler. As

soon as the ebullition is checked bj' the pressure of

the vapor generated, an oVjservation of the manome-

ter is made ; and at the same time, as- nearly as pos-

1 In testing an air manometer from ^ to 2 atmospheres, tlie errors

due to departure from tlie Law of Boyle and Mariotte will not amount

to one fourth of one per c^nt.

2 On account of the danger of fire, all flame should be removed

from the immediate neighborhood.
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sible, the temperature of tbe water is accurately re-

corded. When the water has cooled 5°, 10°, etc.,

new observations of the manometer are made. If the

ether ceases to boil, the rubber tube should be cooled,

or air let out of it. It is well to put fresh ether in the

boiler from time to time. The results are accurate

only so long as boiling continues,

The pressure,jJi, corresponding to any reading of

the manometer at which the volume, v^, of air is en-

closed, may be calculated from the volume, v, at the

atmospheric pressure, p, by the formula expressing

the Law of Boyle and Mari-

otte (§ 79),

V
pi = —p.

The results are to be plotted

on co-ordinate paper, as ex-

plained in § 59, and a curve

drawn, as in Fig. 65, to il-

lustrate the pressure of the vapor at various tem-

peratures.
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of the room. To prove this, one has only to inject

a few drops of ether with a medicine-dropper, properly

bent (see Fig. 66), into the tube of a barometer con-

straoted as in IT 13. The ether will form

bubbles of vapor even before it rises to the

top of the mercurial column ; and the pres-

sure of this vapor will cause the barometer to

fall some thirty or forty centimetres. By
measuring the fall thus produced, the pres-

sure of the vapor of various liquids at

different temperatures may be determined.

Another way to illustrate the pressure ex-

erted by the vapor of a liquid is to pour a

little of the liquid into a flask, so that it may

evaporate into the air which the flask con-

tains. If the flask is corked tightly as soon

as the liquid is poured in, a considerable pressure

may be generated. In fact, explosions sometimes

occur from this cause. To measure the pressure, a

tube may be passed through the cork into some mer-

cury in the bottom of the flask (see Fig. 67), and the

liquid should be injected by means of a

medicine-dropper passing through the cork

beside this tube, so as to avoid losing the

pressure generated by evaporation before

the cork can be put into its place.

It has been found by experiment that

the quantity of liquid which evaporates in

a flask already containing air, and the

pressure which it generates, are exactly the
-^^^ g^

same as in a space froin which the air has

been completely exhausted. This discovery (known
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as Dalton's Law) is believed to show that the mole-

cules of a gas occupy very little space in comparison

with the space between them, into which a liquid

maiy evaporate. In any case, the height to which

the mercury column is raised in Fig. 67 is the same

as its depression in Fig. 66, other things being equal.

We shall make use of this fact to determine roughly

the pressure of a vapor at various temperatures.

We have seen that when a liquid evaporates into

a confined space filled with air, the pressure of the

air is increased. It is evident that in an open flask

the air must expand until the combined pressure of

the air and the vapor inside becomes equal to the

atmospheric pressure outside. If therefore we know

the pressure of the air witliin the flask, and that of

the air outside of it, the difference must be equal

to the pressure of the vapor in question. To find the

pressure of the air within the flask, it is necessary first

to absorb or to condense the"vapor which it contains.

^ 81. Determination of the Pressure of a Vapor in the

Presence of Air. — To find the pressure of aqueous

vapor in an open flask, a small quantity of water is

heated in it by submerging the flask up to the neck

in a jar of hot water. The temperature of the water

within the flask is now determined by means of a

thermometer, and a rubber cork is tightly inserted.

When the flask has become sufficiently cool it is

weighed, then inverted, opened under ice-water,

corked, dried, and reweighed with the water which

enters it. Finally, it is filled with water and weighed

again. A reading of the barometer is made.
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Let Wi, Wj, and Wj be the first, second, and third

weights in grams, t the temperature, and h the bft'

rometric pressure in cm. within the flask ; ther^ the

capacity (c) of the flask in cm. am. for air or vapor is

e = Wg— Wi nearly ;

and since the volume of air at 0° is nearly Wg-^Wj

au. om., its volume (??) at t° is (see § 80)

_ (w,— w,) X 273 + t^~
273

The pressure of this air a,t t.° is v -^ c atmospheres

(§ 79), or hv -i-ccm. Hence the pressure (p) of the

vapor 1 must be

, hv
p = h •

^ c

^ 82. Evaporation and Boiling. — The student will

notice the regular increase of the quantity of aqueous

vapor in the air as the temperature is increased, until

filially, as the water approaches its boiling-point,

scarcely any air remains in the flask. It is interest-

ing to push the experiment still further, and to expel

all the air by actually boiling the water. Boiling may

be distinguished from evaporation by the presence

of bubbles of pure steam. Unlike the bubbles of

air set free from the water by the application of heat,

the bubbles of steam may at first completely condense

with a crackling sound before reaching the surface of

the liquid. When, however, the whole liquid is

raised to the boiling-point, the bubbles expand as

they escape from the liquid, and if the supply of heat

1 We neglect in this formula the pressure 4.6 mm. of aqueous

vapor at 0°.
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is sufficient, furuish a steady current of steam which

issues from the neck of the flask. The stopper is in-

serted before boiling has ceased, but, to avoid explo-

sion, not until the source of heat has been removed.

When the vapor is condensed by pouring cold water

on the bottom of the flask (Fig. 68), ebul-

lition will take place even after the water

within the flask is no longer warm to the

touch. If the experiment has been suc-

cessful, a peculiar metallic sound will be

heard on shaking the water in the fliisk.

This sound is called the water-hammer,

and indicates an almost total absence of

air. If the flask is opened under water,

it should be completely filled. If opened in air, the

space not already occupied by water will be filled

with air. The student may be interested to make

a rough determination of atmospheric density by

weighing the flask before and after the admission of

air (see ^ 44). The capacity of the flask for air is

found from the quantity of water which must be

added to that already present in order to fill the

flask (see ^ 45). The principal objection to a deter-

mination of densit}' by this method lies in the fact

that an unknown quantit}' of aqueous vapor may be

taken up by the air whicla enters the flask. Its ad-

vantage consists in the nearly perfect vacuum which

is produced by the condensation of aqueous vapor.

For further illustrations of evaporation and boiling,

see Exercise 22 of the " Elementary Physical Experi-

ments," published by Harvard University.
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EXPERIMENT XXX.

BOILING AND MELTING POINTS.

y^ 83. Determination of Boiling and Melting Points.—
The heater already used to determine the boiling-

point of water on a naercurial thermometer may also

be employed to find the boiling-points of other liquidii.

The chief objection to this apparatus is the change

of composition which results from boiling away an

impure liquid, owing to the fact that the more vola-

tile ingredients are the first to escape.

I

It becomes necessary to condense the

I
vapor before it escapes from the spqut,

and to make the liquid thus formed re-

turn to the boiler. There are, moreover,

two practical objections to the use of

such an apparatus,— the difSculty of

obtaining a sufficient quantity of liquid

to fill the boiler, and the danger of fire.

These objections are met by boiling

the liquid in a long test-tube, as in Fig.

Fig. 69. gg_ fj^g vapor condenses on the sides

but does not escape, and the danger of fire is avoided

by the use of hot water instead of a flame as a source

of heat.

Alcohol, for instance, will boil freely if the test-

tube is plunged in water at or near the temperature

of 100°, since the boiling-point of alcohol is between

78° and 80°. As the water cools it may be used

successively to find the boiling-points of chloroform
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(58°-61°), bisulpliide of carbon (47°-48°), and ether

(3o°-87''). It is well to have the water about 20°

wanner than the boiling-point of the liquid which is

to be determined.

The same apparatus, or one with a shorter tube,

may be used to determine melting-points. A piece- of a

paraiBne candle may be melted in the test-tube by hot

water; then, as it begins to harden, the temperature is

observed. Again, by the use of hot water, the paraf-

fine is gradually heated, and the temperature noted at

which it begins to melt. Owing to impurity of the

paraffine, certain constituents usually congeal more

easily than others. It has, therefore, no definite melt-

ing point. A certain variety of commercial paraffine

melts, for instance, between 53° and 57°. The results

are to be corrected as explained below.

^ 84. Precautions and Corrections in Determining

Boiling and Melting Points. — To prevent radiation to

or from the bulb of the thermometer, and to avoid all

danger of spattering (see ^ 69, T.), a shield may be

constructed out of thin sheet brass, small enougli to

fit into the test-tube. The bulb must not dip into

the liquid, but must be surrounded with vapor. The

level of the vapor will be distinctly visible through

the sides of the tube. It should reach a point a little

beyond the end of the mercurial column in the stem

of the thermometer, but must in no case reach the

open end of the test-tube. A slight escape of the

vapor, due to evaporation, cannot be avoided ; but a

continuous current must be instantly arrested by

removing the source of heat.
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In finding melting-points, the bulb and stem of the

theimometer should be surrounded with liquid up to

a point just below the end of the mercurial column.

If the stem be dipped any farther into the liquid, it

may become impossible to read the thermometer.

The student is advised not to attempt the deter-

mination of boiling-points above 100° C..,^ on account

of the danger of accidents. It may, however, be in-

structive to explain how a temperature above 100°

can be determined with a thermometer reading only

to 100°. A thread of mercury not over 100° in length

is first broken off and stored in the expansion chamber

(c. Fig. 51, ^ 66). The thermometer is then tested

in steam (^ 69, I.). Its reading will be somewhat

above 0° ; let us say 15°. Then all the readings of

this thermometer will be about 85° too low. It is

possible, therefore, to determine temperatures up

to 185°.

We should, however, remember that a column

measuring 85° at a temperature of 100° will measure

more or less than that amount, according to the tem-

perature in question. Let the length of the thread

of mercury, in degrees, be I, and let the temperature

at which this thread is actually observed be t (100°

in the instance above) ; then if t^ is the tempera-

ture to be determined, the correction in degrees is

.00018? (t—t,'). This follows from the value of

the coefficient of expansion of mercury ; for if a thread

1 Chloroform should be substituted for turpentine (which boils at

about 160°) in the second Experiment in Physical Measurementm the

list published by Harvard University.
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1° long when heated 1° centigrade expands by the

amount 0°.00018, then a thread 1° long when heated

(t — t^y would expand I x (^—<i) times as much.
Thus the correction in determining the boiling-point

of turpentine (160°) with a thread 85° long, broken

off and measured at the temperature 100° instead of

160°, would be .00018 x 85 X (160 — 100), or a little

over 0°.9. Instead, therefore, of adding 85° to the

reading of the thermometer (let us say 74°) we should

add, strictly, 85°.9, — that is, the actual length of the

thread of mercury at the temperature observed. In-

stances have already been given (*^ 65, (4)) of errors

resulting from heating only the bulb of a thermometer

to a given temperature. The corrections in such

cases are calculated by the rule given above. That

is, we multiply the length of the thread exposed to

the air by the difference in temperature between the

air and the bulb of the, thermometer, to find the cor-

rection which should be applied.

In all determinations of temperature, the readings

of the thermometer are made to tenths of a degree

(^ 68), and corrected by the table already calcu-

lated (IT 70). The boiling-points of all liquids arc

affected more or less by atmospheric pressure. A
reading of the barometer should always accompany

such determinations.
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EXPERIMENT XXXI.

METHOD OF COOLING.

^ 85. Determination of Rates of Cooling.—A cal-

orimeter (Fig. 70) is usually constructed of two (or

more) metallic cups, one inside of the other. A
vertical section of the calorimeter is shown in Fig.

71, and a horizontal section in Fig. 72. The inner

cup, generally made of thin brass, has its outer sur-

face brightly polished to lessen radiation ; and for

the same reason the outer cup should be polished

inside. To prevent the conduction of heat from one
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a small stopper is also used, to close the inner cup

water-tight.

We prefer for most purposes a calorimeter de-

pending (like that shown above) upon air spaces

for its insulation, to one in which these spaces are

filled with wool, or other non-conducting material ;i

for though air transmits more lieat than wool, it

absorbs much less. The heat absorbed by insulating

materials is a continual source of error in calorimetry,

because there is no simple way of allowing for it. On
the other hand, the heat transmitted through the

sides of a calorimeter can, as we shall see, be easily

determined.

(1) The inner cup is to be filled with hot water, be-

tween 90° and 100°, and the temperature of the water

is to be found by a thermometer passing through a

hole in the cork cover (Fig. 71). The stirrer at-

tached to the stem of the thermometer is used to

keep the water in continual agitation ; and a stopper

is employed to prevent any of it from being spilled

over the edges of the cup. Observations of tem-

perature are made at intervals of one minute,^ and

should be continued until the thermometer indicates

30 or 40 degrees. The temperature of the room is

then observed ; and the quantity ot water which has

1 When no allowance is to be made for loss of heat by the calori-

meter, the use of felt is to be recoitimended. See Experiment 10

in the Descriptive List of Chemical Experiments published by Har-

vard University.

2 A clock especially constructed to strike a bell once a minute

will be found serviceable in the determination of rates of cooling.

Simultaneous observations of time and temperature may thus be

made (see § 28).

10
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been used is deteritiiwed by weighing tire calorimeter

with and without it.

(2) The experintient is now to be repeated with a

much smaller quantity of water, just enough, let us

say, to cover the bulb of the thermometer and the

stirrer. The Calorimeter is to be inclined in every

possible direction between the observations of tem-

perature, so as to bring the hot water in contact

with every part of the inner cUp.

(3) The experiment is again repeated witb the

same quantity of water as in (2), but without inclin-

ing the calorimeter. The stirrer is to be used as in

(1), but simply to secure a uniform temperature in

the water.

(4) Finally, the Calorimeter is to be filled with

glycerine or turpentine, warmed by hot water (see

1[ 88). The depth of the liquid, and the method of

agitation should be the same as in (1). The tem-

peratures and weights are to be observed as before.

The results of (1),

Id 20 So '<to «ti so yy . {2), (3), and (4) are

to be reduced as will

be explained in ^*^

86-89.

^ 86. Effect of the

Teinperature and ther-

mal Capacity of a body

on its Rate of CooU»g.

— (1) The results of

*[[ 85 (1) are to be represented by a curve (ai, Fig.

73), drawn on co-ordinate paper as in § S9» The

Fig. 73.
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scale at the top of the paper corresponds to the num-

ber of minutes which have elapsed since the first

observation was talc«n; the scale at the left of the

paper represents the observed temperature of the

water in degrees. The temperature of the room

(221°) is yliown by the dotted line, which the curve

(a6) should approach as a limit,— that is, without

ever reaching it.

It is advantageous for many purpo'ses that the

scale of degrees at the left of the paper should repre-

sent, not tlie temperatures actually observed, but the

differences between those tempeTatuTes and that of

the room ;
^ since the rate of cooling depends upon

the differences in question (see § 89). If this method

is adopted, the first observation should be one about

50° above the tempenttuie of the room.

In any case the student should satisfy himself that

Newton's Law of Cooling (§ 89) is approximately

fulfilled.^ Thus the calorimeter may oool (see a5„

Fig. 73) between the 5th and the lOth minute from

75° to 70°, that is, 5° in 5 minutes ; while between

the 50th and the 60th minute it may cool only from

44° to 4'0o, or 4° in 10 minutes. In the first case,

when the average temperature (72J°) is 50° above

that of the room (22}°) we have a rate of cooling

equal to 1° per minute ; in the second case, with an

average temperature (42°) nearly 20° above that

1 This method of plotting the curves must be adopted if the

temperature of the room varies considerably in tlie cowrse of the

experiment (T 85)-

^ Departures of 20% have been observed in a range of 60°. See

Everett's Units and Physical Constants, Art. 143.
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of the room, the rate of cooling is |° per minute.

Obviously,

50:20 :: 1 : f •

In the same way, with 20 grams of water in the

calorimeter, the rate of cooling should be found to

vary in proportion to the excess of temperature above

that of the room. The rate of cooling is, however,

very different in different cases, as it depends upon

the quantity of water which the calorimeter contains.

Let us next consider the relation between this quan-

tity of water and the rate of cooling.

(2) The fundamental principle underlying all de-

terminations by the method of cooling is that the

number of units of heat (§ 16) lost by a calorimeter

per unit of time is proportional to the difference in

temperature between the inner and outer cups. It

does not, therefore, depend upon the contents of the

calorimeter except in so far as the nature or quantity

of these contents may modify the temperature of the

inner cup.

Let us first suppose that in both experiments,

^ 85 (1) and (2), the water is agitated sufficiently

to bring it in contact with every portion of the

inner cup, so that a perfectly uniform temperature is

the result; then if the outer cup is. unchanged in

temperature the flow of heat from one cup to the

other corresponding to a given reading of the ther-

mometer must be in both cases the same. How, then,

do we account for the marked differences which we
observe in the rates of cooling?
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The supply of heat in a calorimeter may be com-
pared to the quantity of water in a leaky pail. Given
the rate of the stream flowing out of the pail, the

time it takes for the water-level to- fall one inch is

evidently proportional to the horizontal section of the

pail. In the same way, with a given flow of heat

from a calorimeter, the time required for the temper-

ature to fall 1° must be proportional to what we call

the thermal capacity (§ 85) of the calorimeter and its

contents.

It is obvious from Figure 73 that with 80 grams

of water the cup must cool more slowly than with

20 grams. In the first case it takes, for instance

(see ab, Fig. 73), 60 minutes to cool from 80° to 40°
;

if in the second case only 20 minutes are required to

cover the same range of temperature, the natural

inference is that the thermal capacity in the first

case is to that in the second case as 60 is to 20, or

as 3^ is to 1.

The thermal capacity in question is in no case

simply proportional to the quantity of water which

the calorimeter contains ; for the inner cup, the ther-

mometer, and the stirrer all possess a certain capacity

for heat. We may estimate this capacity roughly

by the method of cooling. Let us call it e. Then in

the first case the total thermal capacity is 80 + c;

and in the second case it is 20 -|- e; hence we have

80 + c : 20 + c : : 3 : 1,
'

a proportion which can be satisfied only if c = 10.

We infer, therefore, that the calorimeter, thermom-
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eter, and stirrer are together eqaivalent, in thermal

capacity, to about 10 grams of water.

We may assume provisionally that this inference

is correct; but for accurate calculations, we prefer a

determination of thermal capacity made as will be

described in Experiment 32.

^ 87. Calculations concerning Loss of Heat by Cool-

ing.— We have found in the last section (^ 86, 1)»

that when a certain calorimeter contains 80 grams of

water at an average temperature 50° above that of

the room, the rate of cooling is 1° per minute. We
have also found (^ 86v 2) that the calorimeter itself

is equivalent in thermal capacity to about 10 grams

of water ; hence the total thermal capacity is 80 -|- 10,

or 90 units. The heat lost under these conditions is

therefore 90 X 1, or 90 units per minute. Let us

now suppose that the average temperature is only

1° above that of the room, instead of 50°; then by

Newton's Law (§ 89) the rate of cooling will be ^^
of 1° per minute ; hence the loss of heat will be

90 X -^(j-, or 1-8 units per minute.

It follows from the fundamental principle of the

method of cooling (^ 86, 2) that the loss of heat at

a given temperature is the same, no matter what

substance or substances the calorimeter may contain,

provided that every part of the inner cup is brought

in contact with the mixture. The rate of flow cor-

responding to difference in temperature of one degree

between the inner and outer cups is accordingly an

important factor in calculations (see ^ 93, 3) relating

to loss of heat by cooling.
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Unless the calorimeter is filled, as in ^ 85 (1), or

its contents sufficiently agitated;, as in (2), the inner

cup will not be uniformly heated thfonghout. When
a glass vessel is used (as in Exp. 38), only those por-

tions nearest the liquid may be perceptibly warmed

or cooled by it ; and even with metallic vessels, es-

pecially when thin, differences of temperature can

frequently be recognized by the touch. The result

is a considerable diminution in the rate of cooling.

To estimate the effect in question, we may utilize

the results of ^ 85 (3).

From these results the curve ac (Fig. 73) is to

be plotted in the same manner as ab (If 86, 1). If

in both curves (as in Fig. 73) the first observation

utilized is about 80°j we shall find a point of inter-

section, a, nearly opposite 80° and minutes. We
may notice that eib takes ^0 minutes to fall from

80° to 40', while with ao only 30 minutes are re-

quired ; hence the rate of cooling represented by ac

is twice as great as in the case of ab, so that when

reduced to 1° difference in temperature, it will be

g^ of 1° per minute. Now let the weight of water

be 20 grams ; then since the calorimeter is equivalent

to 10 grams,! ^g ha,Ye a total thermal capacity of

30 units. The loss of heat is therefore, not 1"8, as

before, but 30 X -^ or X"2 units per minute.

These figures are sufficient to show the importance,

in the method of cooling, of comparing two quantities

1 We should remember, strictly, that if only a portion of the

inner cup is lieated, the thermal capacity will be aomewhat le§s than

10 units.
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under exactly the same conditions. Let us suppose

that we were to calculate the thermal capacity of the

calorimeter from the results of T 85 (1) and (3), in

which the conditious are not the same. Since the rate

of cooling is twice as great in (3) as in (1), we might

infer that the thermal capacity of the calorimeter

with 80 grams was twice that with 20 grams. This

would make the thermal capacity of the calorimeter

alone 40 units instead of 10 (see ^ 86, 2).

^ 88. Construction of a Series of Temperature Curves.

— From an extended series of results ^ it would be

possible to construct a series of curves similar to

those shown in Fig.

74. It is not, however,

necessary that each of

these curves should be

the result of observa-

tion. From two of

them, the rest may he

obtained with more or

less accuracy by differ-

ent processes of inter-

polation.

Let acegi and ahdfh be the two curves already

obtained (see Fig. 74), corresponding respectively to

80 grams and to 20 grams of watier, and let it be

required to draw a curve corresponding to 50 grams

of water. Then since 50 is midway between 80 and

JO 16 30 1,0 .n €o to

Fig. 74.

1 The teacher may, for the sake of illustration, have a series of

curves constructed from the results of a large class of students using

different quantities of water.
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20, the curve in question may be placed (roughly)

midway between the other two ; and in the same

way other curves may be drawn so as to divide the

distance equally into still smaller parts. This method

of interpolation is, however, obviously inaccurate,

and especially so between such wide limits.

A more accurate method depends upon the prin-

ciple (see ^ 86, 2) that the time of cooling is (other

things being equal) proportional to the thermal ca-

pacity of the calorimeter and its contents. Since

80 grams require, for instance, 10 minutes to cool

from '80° to 70°, and 20 grams take only five min-

utes (see Fig. 74), we may infer that 50 grams

would require 1^ minutes ; or in other words, that

the distance ba would be bisected by the 50-gram

curve. In the same way the other horizontal dis-

tances, de,fg, hi, etc., would be bisected. To obtain

tlie intermediate curves, accordingly, the horizontal

distances, be, de, fg, etc., are each to be divided into

a given number of equal parts. The curves may

then be drawn through the points of division.

It is easy to show that this method of interpolation,

though more accurate than the first, may still lead to

considerable errors, when we consider differences in

the flow of heat from the calorimeter. With 80

grams of water, 1° above the temperature of the

room, we have calculated that the loss of heat

amounts to 1-8 units per minute (see ^ 87) ; with

20 grams we have found similarly 1-2 units per min-

ute. Let us assume that with 50 grams the loss is

midway between these two numbers, or 1-5 units
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per minute. Then since the total thermal capacity

is 60 units, the temperature must fall at the rate of

1-5 -^ 60 or^j^o of 1° per minute. The time required

to fall 1° at this rate would be 40 minutes ; in the

case of 80 grams it would he 50 minutes (see ^ 87) ;

in the case of 20 grams it would be 25 minutes.

The times required for 80, 50, and 20 grams to fall

through a given range of temperature would be,

accordingly, proportional to the numbers 50, 40, and

25, respectively. Since 40 is by no means midway

between 50 and 25, the 50-gj'am curve must be con-

sidered as onlj' approximately bisecting the horizontal

distance between the other two.

It is evident that if the system of curves shown

in Fig. 74 were to be relied upon for exact calcula-

tions, it would be necessary to confirm the position

of the 50-gram curve, at least,, by direct observations.

As a matter of fact we shall refer to Fig, 74 only

for the purpose of making small corrections for cool-

ing ; so that we may disregard any errors in these

curves which are likely to arise from an interpolar

tion depending upon a division of horizontal distances

into equal parts.

^ 89. Calculation of Specific Heat by the Method

of Cooling.—LA set of curves is to be constructed

essentially as in ^ 88, using, however, in connection

with the curve acegi (Fig. 74) representing the re-

sults of ^ 85 (1), a curve abdfh, derived from the

results of ^ 85 (2), and not (as in Fig. 74) from

the results of ^ 85 (3). The intermediate curves

will then represent rates of cooling corresponding to
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different quantities of water when brought in contact

witli every part of the inner cup. The results of

^ 85 (4) are next to be plotted on tvacmg-faper,

with a horizontal line (as in Fig, 7S to) represent the

temperature of the room. This line is then super-

posed (bj'- moving the tracing-paper) over a similar

line in the new series of cui-ves ; and at the same

time the curve on the paper is made to pass through

the common point of intersection of the series in

question (see a» Fig. 74).

A curve thus obtained with, let us say^ 75 grams

of turpentine, may be made to coincide, not with the

70-gram curve, nor with the 80-gram curve (see Fig.

74), but with one rather which would correspond to

30 or 40 grams of water. Under the conditions of

tihe experiment, the heat lost by the calorimeter must

be the same whether it contain turpentine or water

(see ^ 86, 2) ;, hence equal rates of cooling imply

equal thermal capacities (ihld.'). Since the calori-

meter has the same total thermal capacity with the

turpentine as with the water, the 75 grams of turpen-

tine must be equivalent to 30 or 40 grams of water

:

and 1 gram of turpentine must be equivalent to a

quantity of water between ff and ff of a gram ; 'or

let us say 0.4 -|- grams. In other words, the specific

beat (§ 16) of turpentine must be 0.4 +. In the

samp way the specific heat of any other liquid might

be calculated.

It is evident that the curves of ^ 88, if thus

treated, would not have given an accurate result.

20 grams of water might be found, for instance,



156 CALORIMETRY. [Exp. 31.

under the conditions of ^ 85 (3), to cool as slowly

as tiie 75 grams of turpentine in ^ 85 (4) ; but this

would be due, not simply to the fact that water has

a greater thermal capacity than turpentine, weight

for weight, but also to the fact that a much smaller

amount of surface is heated by the water. Obviously

the 20 grams of water cannot be equivalent in

thermal capacity to the 75 grams of turpentine, be-

cause their rates of cooling, though equal, have been

compared under dissimilar conditions.

II. Another method of calculating specific heat

depends upon a comparison of the rates of cooling

of two liquids when equal volumes are emploj'cd.

Let us suppose that the time occupied by 75 grams

of turpentine in cooling from 80° to 60° in ^ 85 (4)

is really the same as that of 20 grams of water \i\

^ 85 (3),— that is, 10 minutes (see ac, Fig. 73),— while

that required in ^ 85 (1) for 80 grams of water (see

ah. Fig. 73) is 20 minutes; then since the conditions

are nearly the same in (1) and (4), the total thermal

capacities in question must be to each other as 10

is to 20 (^ 86, 2). If the calorimeter is equivalent

(see ^ 86, 2) to 10 grams of water, we have with

80 grams of water a total thermal capacity of 90

units; hence with the turpentine the total thermal

capacity must be ^^ of 90 units, or 45 units. Sub-

tracting from the 45 units the 10 units due to the

calorimeter, we find a remainder of 35 units, which

must be the thermal capacity of 75 grams of turpen-

tine. Hence the specific heat of turpentine is 35 -H 75,

or 0.4 -f.



190(1).] THERMAL CAPACITY. 157

The method of cooling has been applied to the

determination of the specific heats of tolids in the

form of powder, as well as to liquids ; but it is gen-

erally thought to be less reliable than the methods of

mixture about to be described (Exps. 33 and 34).

EXPERIMENT XXXII.

THERMAL CAPACITY.

^ 90. Determination of the Thermal Capacity of a

Calorimeter.— (1) We have already seen that the

thermal capacity, of a calorimeter may be calculated

roughly from data obtained by the method of cooling

(see ^ 86, 2) ; but that a very slight change in the

conditions of the experiment may make the result

worthless. For this reason the method of cooling

is hardly to be counted as a practical method for

finding the thermal capacity of a calorimeter. The

experimental determination of thermal capacity may

be made by either of the following methods:—
I. The whole calorimeter is to be weighed, includ-

ing (see ^ 85, Pig. 71) the inner and outer cups,

the cork supports and cover, and the thermometer

and stirrer. The temperatiire of the inner cup is

now found by observing the thermometer, after it

has remained within this cup for some time (see

^ 65, 6). Then water at an observed temperature,

between 30° and 40°, is poured rapidly (^ 92, 4)

into the cup until it is nearly full (^ 92, 8). The



158 CALORIMETRY. [Exp. 32.

cork is immediately inserted (^ 92, 6) and the time

noted (^ 92, 9). The water is then stirred (Fig. 50,

^ 65) by twisting the stem of the thermometer, until

two successive observations of the thermometer a

minute apart (see ^ 92, 10) agree as closely as in

^ 85 (1), at the same temperature (see ^ 92, 8).

The resulting terhperature is then observed,, and the

time again noted (^ 92, 9), The whole apparatus is

then re-weighed to find how much water is in the

calorimeter (see also ^ 92, 5).

There are two practical objections to the method

just described : first, that the change in temperature

of the water is almost too small to be measured accu-

rately with an ordinary theaimometer ; and second,

that the quantity of heat absorbed by the calorimeter

may be small in comparison with that lost by cooling

(^ 93), which can only be xoiighly allowed for.

The change of temperature of the water may be

increased by using a smaller quantity of it ; but tJiis

is objectionable, as will be seen by comparing tlie

results of ^ 85, (2) and (3), unless the water can

be well shakien iu tlie calorimeter, or unless the object

of the experiment be a determination of thermal

capacity of the calorimeter when partis^ full. A ther-

mometer graduated to tenths of degrees will be found

useful in this and other experiments where it is ne-

cessary to measure small changes of temperature.

II. Another method of finding the thermal capa-

city of a calorimeter consists in heating the inner

cup instead of the water. This may be done by fill-

ing the cup with hot lead (or better, copper) shot,
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the temperature of whkh is to be determined by two

or three observations of a thermometer at intervals

of a minute (see ^ 92, 10). The shot must be well

shaken between these obsers'atioas, to secure a uni-

formity of temperature (see ^92, 8); it is then

poured out, and immediately replaced by water at an

observed tetnperature near that of the room. TJie

resulting temperature is then determined, and the

Weight of Avater used is found as before.

The change in temperature of the water may be

made practiealh' five or ten times as great in II. as

in I., and the correction for its cooling will be com-

paratively slight. The principal sdui'ce of error in

this experiment is the rapid cooling of the inner cup

while empty (see ^ 92, 4).

(2) The results of an experimental determination

of thermal capacity should in all cases be confirmed by

a calculation based upon observations of the weights

and specific heats of the substances employed in the

construction of the fialorimeter. The inner cup is to

be weighed, also the stirrer (Fig. 50, ^ 65) ; and the

amount of water displaced by the thermometer

is to be found by the aid of a small measuring-

glass (Fig. 75). The glass should be filled

with water so that the -themjometer may be

immersed to the same depth as when it is

used to determine the temperature of liquids

in the calorimeter. The level of the water is

then carefully observed with and without the

thermometer. It will be assumed that the

thermometer is constructed of glass and mercury;
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the calorimeter and stirrer of brass ; otherwise the

materials in question must be noted. From these

data the thermal capacity of the calorimeter may be

calculated (see ^ 91, III.).

IT 91. Calculation of Thermal Capacity. — We have

already considered a method by which thermal ca-

pacity may be roughly computed through a compar-

ison of rates of cooling (1[ 86, 2). This section

relates to the calculation of thermal capacity from

the observations made in IT 90.

If, as in the first method (IT 90, 1.), t^ is the orig-

inal temperature within the calorimeter, w the weight

of water used, t^ its temperature just before it is

poured into the calorimeter, and t the resulting tem-

perature, then, since w grams of water cool (t^— t)

degrees by coming in contact with the calorimeter,

they must give up to it ty X (^2— gram-degrees,

or units of heat (§ 16). This raises the temperature

of the calorimeter (t— t^') degrees ; hence to raise it

1° would require a quantity of heat, c, given by the

formula

t-t.

This is, by definition (§ 85), the thermal capacity of

the calorimeter. To find the temperatures t and t^,

at the time when the water is introduced into the

calorimeter, allowances for cooling should be made

(see IF 93).

The second method (T 90, II.) differs from the

first in that w grams of water are warmed {t— t^') de-

grees, and hence must receive wy, (t— t^ units of
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heat from the calorimeter, the temperature of which

is thereby reduced (fj— f) degrees; hence to reduce

it 1° would require a quantity of heat, c, given by

the formula

wX(t— t,-)

This formula is evidently reducible to the same

form as I.

In the last method (^ 90, 2) if u\ is the weight of

the inner cup, w^ tliat of the stirrer, and Wg the weight

(or volume) of the water displaced by the thermome-

ter ; if furthermore Sj and Sj are the specific heats,

respectively, of the materials of which the inner cup

and the stirrer are.made,^ and Sj the thermal capacity

of a quantity of mercury and glass equal in volume

to a gram of water ;
^ then the thermal capacity of

tlie inner cup is m'i s^; that of the stirrer, w^ s^; that

of the thermometer, w, Sg/ hence the total thermal

capacity of the calorimeter (c) is given by the

formula,

e= W] Si + Wj Sj + Wg Sg. III.

If, for example, the inner cup contains 100^. of

brass, of the specific heat .094, its thermal capacity is

1 The inner cup and stirrer are usually made of brass (an alloy of

copper and zinc), the specific heat of which may be taken as .094.

2 It will be noted that though the specific heat of mercury (.033)

differs greatly from that of glass (0.19), the thermal capacity of

equal volumes is very nearly the same. Since 1 cm. cm. of mercury

weighs 13.6 grams, it will require 13.6 X .03.3, or 0.45 units of heat, to

raise it 1°. In the same way, since 1 cu. cm. of ordinary glass weighs

not far from 2.5 grams, it would require about 2.5 X 0.19, or 0.47

units of heat to raise it 1°. In calculating the thermal capacity of a

thermometer, there will be, accordingly, no appreciable error in assum-

ing for Ss a mean value, 0.46.
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100 X .094, or 9.4 units ; if the stirrer is made of

thin brass weighing 2 gnims, its thermal 'capacity is

similarly 0.2 units ; and if the thermometer displaces

0.9 grams of water, its thermal capacity is (see 2d

footnote, page 161) 0.9 X 0.46, or about 0.4 units.

The total thermal capacity of a calorimeter thus con-

structed would be 9.4 + 0.2 + 0.4 = 10.0 units.

The first method is apt to give too high results,

since the cooling of the water, due to evaporation

and other causes, is attributed to contact with the

calorimeter.

The second method usually gives too low results,

on account of the rapidity with which heat escapes

from the calorimeter while empty. If, however, the

outer cup becomes heated indirectly by the shot, a

portion of this heat may be radiated back to the

inner cup when filled with water. It is possible,

therefore, that the results may be too great.

The last method generally gives too small a re-

sult, because we neglect the heat absorbed by the

materials surrounding the inner cup. If, however,

only a portion of the inner cup is to be heated, we

may easily over-estimate its thermal capacity.

In the latter case, we prefer an experimental deter-

mination of thermal capacity ; but when the inner

cup is made of very thin metal (as is desirable for

accurate work), the thermal capacity may be so

slight that it cannot be exactly determined by ex-

periment. In such cases, we usually depend upon a

calculation based, as in the last method, upon the

weights and specific heats of the materials composing

the calorimeter.
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^ 92. Precautions Peculiar to Calorimetry.— In nearly

all experiments in calorimetry two bodies, of known
weights and temperatures, are brought together so

that by the flow of heat from one to the other (see

Experiments 33 and 34) or by the action of one on

the other (see Experiments 35-38) a third tempera-

ture results. Thei'e are, accordingly, many precau-

tions common to these various experiments.

(1) Chemical Action.— It is evident that the

substances employed should exert no chemical action

on the sides of the calorimeter. With strong acids, a

glass vessel should generally be employed. Instead

of a brass stirrer, one of platinum may be used. In

the case of mercury, iron will do even better. A
coating of asphaltum is often suflBcient to prevent

metals from being attacked by acids.

When two substances are placed together in a

calorimeter, neither should act chemically upon the

other unless the object of the experiment be to meas-

ure the heat developed by the reaction. The chemical

relations between two substances thus employed must

frequently be investigated by a separate experiment.

(2) Comparison of Thermometers.— The gen-

eral precautions necessary to the accurate observation

of temperature have been already considered (^ 65),

and must be observed. In addition to these precau-

tions, certain others, are required when simultaneous

observations of temperature are to be made. In such

cases it may be necessary to employ as many ther-

mometers as there are temperatures to be determined

;

and these thermometers have to be compared with
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one already tested' by a process of calibration (^ 68).

To do this, the several thermometers are to be placed;

in boiling water, in ice-water, and in wateir of at least

three intermediate temperatures. A large quantity

of water should be used (see (3)), and it must be well

stirred in each case. The indications of each ther-

mometer are to be read in turn ; then again read in

the inverse order. There should be regular intervals

(let us say 30 seconds each) between the observa-

,tions. The two readings of each thermometer are

to be averaged, and the averages compared. Know-,

ing (from Experiment 25) the corrections for one of

the thermometers, we may easily calculate the cor-

rections foi" the others. For example, if three ther-

mometers, A, B, and C, gave the following readings

:

A, 76°.0 ; B, 15°.T ; <7, 75°.l ; C, 74°.7
; B, 74°.5

;

A, 74°.0

;

the average for A would be 75°.0 ; for B, 75°.l ; for

C, 74°. 9. These averages evidently correspond to

the same point of time. We should therefore sub-,

tract 0°.l from the correction of A at 75° to find that

of B ; and we should add 0°.l to find that of 0.

The object of making observations in the order

given above is to eliminate errors due to cooling,

(3) Constant Tbmpeb.atueb.— The difficulty of

making accurate observations of temperature at a

given point of time increases with the rate of cool-

ing. The use of large masses of water (see (2)) is one

of the most general methods of avoiding rapid

changes of temperature. In certain experiments in
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calorimetry, special devices are frequently employed.

When, for instance, one of the temperatures to be

observed is in the neighborhood of 100°, a steam-

heater may be employed (see Fig. 77, also Fig. 79,

^ 94). Again, a body may be maintained at 0° by

surrounding it with melting ice ; or it may be kept

indefinitely, without special precautions, at the tem-

perature of the room, provided that the latter be

constant.

By the use of devices for maintaining a con-

stant temperature, thermometric observations become

greatly- simplified. One or more temperatures may
be known by definition,— as in the case of ice, or

steam at a certain pressure (§ 4). In the absence of

cooling, a series of observations for each temperature

will not be required, and the temperatures of several

bodies at a given point of time may be found from

successive observations with the same thermometer.

The least constant temperature should be observed

nearest the time in question.

(4) ExpostTEE TO THE AiR. — When a body is

transferred from a heater or from a refrigerator to

a calorimeter, there is always more or less heat

gained or lost from exposure to the air. The time

of exposure should evidently be made as short as

possible. In pouring liquids, a glass funnel may be

employed ; but the funnel must be warmed to the

same temperature as the liquid, otherwise it would

take from it more heat than the air. Water may be

guided conveniently from a beaker to a calorimeter

by a wet glass rod, abe, bent as in Figure 76. To
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prevent the water from following the side of the

beaker, the lip should be greased at the point h.

The wet stem of a thermometer

may also be used as a conductor,

and with this advantage, that, since

the thermal capacity is easily found

(TT 90, 2) the heat required to raise

it to a given temperature may be

^ ,„ calculated. We may notice, how-
FiG. 76.

. .

ever, that if the thermometer is

immediately afterward placed in the calorimeter, it

will give up most if not all of the heat which it has

absorbed, and that the remainder may be neglected.

Hot shot may be poured directly from a heater suit^

ably shaped (see Fig. 79, ^ 94) into a calorimeter

;

but it is safer to use a paper funnel, to prevent the

possibility of losing a portion of the shot. Most of

tlie shot should enter the calorimeter without touch-

ing the funnel ; and the remainder should be in con-

tact with it only for an instant. In this case the heat

absorbed by the paper may be neglected. A hot body

may also be suspended by a thread, and thus trans-

ferred from one place to another.

It is obvious that the calorimeter should be brought

as near the heater or refrigerator as is possible with-

out danger that its temperature may be affected by

i-adiation, conduction, or convection from the heater

(§ 89). A common pine board makes an excellent

shield. In Regnault's apparatus ^ (Fig. 77) the

1 For a fuller description of Regnault's apparatus, see Cooke's

Chemical Physics, page 470.
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calorimeter (at the left of the figure) can be brought

directly under the large steam heater (at the right

of the figure). The steam heater rests upon a sup-

port, serving to shield the calorimeter from radiation.

The support is made hollow, so that it may be kept

cool by a current of water. The inner chamber of

the heater contains hot air. The temperature within

it is observed by means of a thermometer passing

through a cork by which the top of the chamber is

Pig. 77.

closed. The bottom of the chamber is closed by a

non-conducting slide. By drawing the slide a body

suspended by a thread in the hot-air chamber may

be' lowered directly into the calorimeter. The cal-

orimeter is then immediately removed to a sufficient

distance from the heater, so that the resulting tem-

perature may be accurately determined.

By devices similar to those alluded to, the gain
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or loss of heat by exposure to the air may be almost

indefinitely reduced, but never completely avoided. .

The student is advised not to attempt any correction

for this heat ; because a greater error might easily

result from applying such a correction than from

neglecting it altogether. . At the same time, it is

well to estimate roughly the quantity of heat gained

or lost, with a view to determining wliat figures of

the final result are likely to be affected.

For this purpose two experiments may be made.

In one, a body is transferred in the ordinary manner

from the heater or from the refrigerator to the calori-

meter. In the second experiment, it is passed back

and forth let us say 5 times each way, and finally

placed in the calorimeter. The body is thus to be

exposed to the air in one case about 11 times as

long as in the other case, and under similar condi-

tions ; so that from the difference. in the results we

may infer the effect of an ordinary exposure (see

1[ 93, 4).

(5) Loss OP Material.— In rapidly pouring a

liquid into a calorimeter, or in rapidly lowering a

hot solid into a liquid already contained in a calori-

meter, there is danger that a portion of the liquid ^

or solid may be lost. It is accordingly desirable to

weigh, both before and after each addition to the

contents of the calorimeter, not only the calorimeter

itself, but also the vessel in which the substance in

question was originally contained. The student will

do well also to make sure that the space between the

inner and outer cups is empty, both before and after
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the experiment ; for if any of the substance finds its

way into this space, its loss will not be apparent

from the weigliiugs.

(6) Evaporation.— A considerable portion of

the heat lost by a liquid when poured into a calori-

meter may be caused by evaporation. When once

the liquid has been transferred to the calorimeter,

all further loss of heat by evaporation should be

prevented by immediately corking the inner vessel.

It will be assumed that the inner vessel is never

uncorked, except when necessary for the purposes of

manipulation. Of two liquids, the denser is usually

the less volatile, and hence should be heated in pref-

erence to the other. For the same reason, a solid

shfauld be heated in preference to a liquid. A com-

bustible liquid should, as we have seen (Exp. 30),

never be heated directly by a flame, but indirectly

by hot water.

(7) Tempeeatuee of the Room.— The loss of

heat which takes place from the gradual cooling of a

calorimeter and its contents depends, as we have

seen in Experiment 31, upon the difference of tem-

perature between the inner cup and its surroundings.

To diminish the loss of heat in question, it has been

proposed that the outer cup should be placed in water

at the same temperature as the inner cup. More ac-

curate results might be expected from calorimetry if

some means were perfected by which we could ad-

just the temperature of surroundings to the needs

of an experiment. In practice, however, the experi-

ment must be adapted to the temperature of the air in
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which it is to be performed. When considerable time

is required to obtain an equilibrium of temperature

(see (8) ), it is important that the average temperature

within the calorimeter should agree as closely as

possible with that of the room. The weights and

temperatures of the substances employed in calor-

imetry, are, therefore, frequently chosen so as to give

a final temperature between 20° and 25°.

It is much easier to prevent than to allow for

losses of heat by cooling ; and it may be stated as a

general rule in calorimetry that we must avoid in so

far as possible all differences of temperature between

bodies under observation and the objects by which

they are surrounded.

(8) Equilibrium op Temperatuee.— It has 'al-

ready been pointed out that to obtain a uniform

temperature throughout the inner cup of a calori-

meter, the cup .should be completely filled. If tliis

is not done, special precautions must be taken to

bring, its contents into contact with every portion

of its surface (see ^ 85, 2). The necessity of stirring

these contents has also been alluded to (^ 65, 5).

When a mixture (like lead shot and water) is of

such a nature that an ordinary stirrer cannot be

used, the inner cup must be closed water-tight, so

that the contents may be shaken. The thermometer

should in this case fit tightly into the stopper which

closes the inner cup, and should reach into the body

of the mixture. Solids, if any be used, should be

finely divided, so that there may be no risk of break-

ing the thermometer.
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We prefer, moreover, finely divided solids, on

account of the comparative rapidity %yith which an

equilibrium of temperature may be reached, or a

process of fusion, solution, or chemical combination

completed. When a solid sinks in a fluid (as is

generally the case), it is well if it can be warmer

than the fluid, on account of the manner in which

convection currents are formed ; and for the sanje

reason we prefer that the denser of two liquids should

have the higher temperature. It is always desirable

that the denser of two substances should be poured

into the other, so that, as it passes through, as much

heat as possible may be communicated from one to

the other. The various processes in calorimetry

should in general be completed in the shortest pos-

sible Mme, especially when they cannot be conducted

at the temperature of the room, since otherwise large

losses of heat are apt to occur.

Throughout the processes in question, stirring must

be interrupted from time to time, in order that rough

observations of temperature may be made. When
two successive observations agree, or when they

differ by an amount which may be attributed to the

regular cooling of the calorimeter (see Exp. 31),

the equilibrium of temperature should be complete.

Tlie student will do well, however, to make sure that

tlie temperatures at the top and bottom of the calori-

meter are the same, before proceeding to make exact

observations of the thermometer.

(9) Timing Observations.—When observations

of temperature are taken regularly at intervals of one
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or two minutes throughout an experiuient, we may
infer the time when a given process begins and when
it ends ; but to avoid errors due to the possible omis-

sion of one or more observations, it is well to note

the beginning and end of each process in hours, min-

utes, and seconds. In any case, the time should be

thus noted, (1st) when all the bodies have been

transferred to the calorimeter, and (2d) when, after

an equilibrium of temperature has been reached, the

resulting temperature is first observed.

(10) Series of Tempeeatures. — It is well in all

cases to make several observations of the final tem-

perature within a calorimeter, in order that the result

may not depend upon one alone (see § 51). The

series should be made at intervals of one minute,

so that, as in ^ 93 (2), the rate of cooling may be

found and allowed for. If the calorimeter contains

water only, we may utilize the temperature curves

already plotted (see ^ 93, 1) ; or if we have deter-

mined, as in ^ 87, the flow of heat from the calori-

meter, we may make an allowance for the heat lost

as in ^ 93 (3). In the absence of any previous

determination under the same conditions as in the

actual experiment, a series of observations of the

temperature of the calorimeter will be required.

In the same way, if the temperature of a body is

changing perceptibly before it is placed in a calori-

meter, it must be determined by a series of observa-

tions. The intervals in all such series would natur-

ally be one minute each ; but when the temperatures

of two or more bodies are to be found, the observa-
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tions must be taken in turn. When special precau-

tions concerning equilibrium of temperature (see (8))

have to be observed, the student is advised not to

attempt observations at intervals of less than one

minute. The temperatures of the several bodies con-

cerned are to be reduced in all cases, as in ^ 93 (1),

to the time when they are first enclosed in the calori-

meter. After this time, losses of heat are to be cal-

culated as above, from the known rate of cooling of

the calorimeter.

% 93. Corrections for Cooling. — (1) GRAPHICAL

Method.— When a calorimeter contains water only,

as in the determination

of thermal capacity V^

above (T[ 90, I.) or in P
parts of various experi-

ments wliich follow, the

temperature at one

point of time may be

inferred from an obser-

vation taken at another

point of time by using one of the curves in Fig. 74,

^ 88. Let ah (Fig. 78) be the curve corresponding

to the quantity of water which the calorimeter con-

tains, and let c be the observed temperature. We

tirst find a point d on the curve at the right of c,

then a point e above d. Then we measure ofE a dis-

tance efon the scale of minutes corresponding to the

length of time during which the calorimeter has been

cooling. Then we find a point g on the curve below

/, and finally the temperature h, at the left of g.

e TOOK". i2{"

I"io. 78.
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This temperature corresponds in the figure to a time

/ earlier than e ; but by laying off the distance ef to

the right of e, we could find, if we chose, the temper-

ature at a later point of time.

A more exact method would be to start with a

point c (in Fig. 78), corresponding to a temperature

as far above that of the room (22^°, Fig. 78) as the

actual temperature observed was above the observed

temperature of the room. The number of degrees

included between c and h gives approximately, in any

case, the fall of temperature which takes place in

an interval of time corresponding to the number of

minutes between e and /.

(2) Analytical Method. — When several tem-

peratures have been recorded at regular intervals,

we may infer the temperature at a point of time

before the beginning or after the end of the series

as follows: The observations are first written down

in a column, as in the example below ; then the tem-

perature of the room is subtracted from each, and

the results entered in a second column ; then a third

column is formed from the differences between each

pair of consecutive numbers in the second column

;

then each number in the third column is divided by

the one just below it in the second column, to find

what per cent must be added to that number in

order to obtain the one above it; these per cents are

arranged in a fourth column and averaged ; then each

number in the third column is divided by the number

in the second column just above it, to find what per

cent must be subtracted 'from that number to obtain
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the number just below it ; the per cents to be sub-

tracted are then arranged m a fifth column and

averaged. We may now extend the second column

upwards by adding to the first number in it the aver-

age per cent from the fourth column, and we may
extend it downward by subtracting from , the last

number the average per cent found in the fifth

column. When the second column has been thus

extended, the corresponding numbers in the first

column may be found by adding in the temperature

of the room. The temperature at a time which

would come between the observations in the series

thus extended may evidently be found by simple

interpolation.

For example, when the temperature of the room

is 26°, the observations below would be reduced as

follows :
—

Temperatures
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tract from the last number (30°.0) in it not 4.9 pel-

cent but 4.7 per cent of 30°.0 ; that is 1°.4 ; this gives

28°. 6 ; and subtracting from this 4.7 per cent of itself,

or 1°.3, we find 27°.3 for the number following, etc.

Adding 26° to the new numbers in the second

column, we infer, finally, that the temperatures pre-

ceding. 66°.0 in the first column should be 68°.0 and

70°.l, while those following 56°.0 should be 54°.6

and 53°.3, etc.

Let us suppose that the temperatures were ob-

served at intervals of one minute; then to represent

the temperature for instance 1.5 minutes before the

first recorded observation, we should take a number

half-way between 68°.0 and 70°.l, or 69°.0 nearly.

If, however, the intervals between observations were

two minutes each, then 1.5 minutes would be three

fourths of one interval, and we should add to 66°

three fourths of the difference (2°) between it and

the next temperature above it in the series to find

the temperature (67°.5) in question.

The discovery of various methods by which the

calculations described above may be shortened, es-

pecially by the use of logarithms, may be left to the

ingenuity of the student. The method here described

is important, as an illustration of the fact that when

a body is steadily cooling its temperature falls, not a

given amount in each minute, but a certain 'per cent

(approximately) of the number of degrees which lie

between it and the temperature of the room (see

H 86, 1).

The accuracy with which a series of observations
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may be extended by analytical methods evidently

grows less as the number of new terms increases. It

may be said in general that the new terms should

not be more numerous than those obtained by actual-

observation.

(3) Heat Lost by Gooling.— We must distin-

guish between the rate of cooling of a calorimeter

and the number of units of heat lost by it. The
latter may be found without knowing the nature of

the mixture which the calorimeter contains, provided

that the inner cup is completely iilled by the mixture,

or filled to a known depth ; for we have only to refer

to the results already found with water at the same

depth in Experiment 31.

If, for example, a calorimeter, nearly filled with a

mixture of lead shot and water, has been cooling for

ten minutes at an average temperature about 20°

above -that of the room, we reason that since at a

temperature 1° above that of the room it was found

(^ 87) to lose 1.8 i^nits of heat per minute, at a

temperature 20° above that of the room it would lose

20 times 1.8, or 36 units per minute ; that is, 360

units in ten minutes". If, therefore, the first accurate

observation of temperature was taken ten minutes

after the introduction of the mixture, we should add

360 units to the amount of heat apparently given out

by the hot body, or if more convenient we may sub-

tract 360 units from the' quantity of heat apparently

absorbed by the cool body (see ^ 98).

(4) Method OF Multiplication.— When two ex-

periments are made, in one of which a body is exposed,

12
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let us say, 11' times as long or 11 times as often to

the air as in the other experiment, in which we give

it the ordinary exposure, the difference between the

results obtained in the two cases should correspond

to the effect of 11 less 1, or 10 ordinary exposures.

Hence, if this difference be divided by 10, we may

estimate roughly the correction to be applied to the

result obtained with the ordinary exposure.

If, for example, the thermal capacity of a calori-

meter is found to be 10.1 units when warm water is

poured into it directly, and 11.1 units if the water is

first poured back and forth five times each way, then

the effect of cooling due to 10 transfers is 11.1-10.1,

or 1 unit in the result; and the effect of a single

transfer is about 0.1 unit. The true thermal capacity

is, therefore, about 10.1-0.1, or 10.0 units. If the

cooling due to transferring a substance from one

place to another is thought to affect the figure in the

tenths' place, as in the example, it is evident that the

hundredths will not be significant (see § 55).

EXPERIMENT XXXIII.

SPECIFIC HEAT OP SOLIDS.

^ 94. Determination of the Specific Heat of a Solid

by the Method of Mixture. — I. A quantity of lead

shot sufl&cient to half fill the calorimeter (Fig. 70,

^ 85) is first weighed, then put into a steam heater

(Fig. 79), and covered by a cork. A thermometer,

passing through the cork into the midst of the shot,
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Fig. 79.

is allowed to remain there until it ceases to rise.

Meanwhile the temperature within the calorimeter

is determined by a second

thermometer (^ 92, 2). The

calorimeter is then weighed,

and a vessel containing a

mixture of ice and water is

also weighed. This vessel

should be provided with a

strainer, so that water may
be poured from it without

danger of particles of ice fol-

lowing the stream. The ice and water should be

thoroughly stirred just before the experiment, to

secure a uniform temperature of 0°. The time should

now be noted (^ 92, 9).

The thermometer and corks are then removed from

the heater, and the shot is poured as rapidly as pos-

sible (^ 92, 4) into the calorimeter. Immediately

ice-cold water is added,— the quantity being nearly

sufficient to fill the calorimeter. A thermometer is

then pushed cautiously into the middle of the shot

through a small stopper, closing the inner cup water-

tight (^ 92, 8). The large cork cover (Fig. 71,

^ 85) may then be added, and the time again re-

corded. The mixture must now be carefully shaken.

The temperature indicated by the thermometer is to

be noted at intei'vals of 1 minute, until it begins to

fall steadily (^y 92, 8 and 10). Then the calorimeter

is re-weighed with its contents ; and the vessel origi-

nally containing the water is also weighed (^ 92, 6).
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II. Instead of finding the temperature of the shot

in the heater, as in I., we may determine it by a

series of observations in the calorimeter, before the

ice-water is added (^j 92, 10). It is necessary in

this case to cork the inner cup, and to shake the shot

between the observations of temperature (^ 92, 8),

in order that there may be a uniform temperature

not only in the shot, but also in the inner cup, the

thermal capacity of which must be considered. The.

ice-water is finally added, and the temperature of

the mixture determined as before.

III. Instead of pouring the hot shot first into the

calorimeter, we may begin by introducing ice-water.

In this case the proper quantity of water must be

determined beforehand. It will probably be found

that the watei- should fill the calorimeter about half-

full. In other respects this method is the same as I.

IV. Instead of assuming that the temperature of

the water is the same as that within the vessel origi-

nally containing it (that is, 0°), we may find its

temperature after it has been transferred to the cal-

orimeter. In this method, however, as in the second

method, the thermal capacity of the cup must be con-

sidered. To avoid the necessity of making a separate

series of observations (^ 92, 10) between which the

water in the calorimeter must be shaken up (^ 92, 8),

it is customary to use water at the temperature of

the room. In this case, the mixture will be above

the temperature of the room ; hence its. rate of cool-

ing must be allowed for (^ 93).

V. Other methods of determining specific heat.
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may easily be devised, depending upon the use of

hot water and cold shot. We have in fact already

made use of such a method in finding the thermal

capacity of a calorimeter (^ 90, I.). On account,

however, of the practical difficulties arising from

evaporation (^ 92, 6), the high temperature of the

mixture (^ 92, 7), and the small change of tempera-

ture produced, these methods are generally avoided.

The principal use which can be made of them is as

a check (§ 45) upon results obtained in the ordinary

manner.

The student may observe that in the second method

the shot falls suddenly in temperature, on account of

the heat which it gives up to the calorimeter. This

heat is subsequently restored to the mixture when
the calorimeter is cooled to its original temperature ;

hence in the first method no account need be taken

of the thermal capacity of the calorimeter. Again

in the fourth method, the cold water may at first rise

rapidly in temperature on account of the heat im-

parted to it from the calorimeter, but this heat is

restored to the calorimeter when it is again raised

by the mixture to its original .temperature ; hence

in the third method no account need be taken of the

thermal capacity of the calorimeter.

Instead of lead shot, copper or iron rivets may be

emploj'^ed with very slight modifications of the experi-

ment. In the case however of solids which are soluble

in water, we must substitute for water some other

liquid of known specific heat in which the solids are

insoluble (^ 92, 1). The student may be guided in
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his choice of methods by obvious considerations of

practical convenience as well as by the principles

explained below in ^95; but he should make at

least one determination of specific heat of a solid by

the method of mixture and reduce it as will be ex-

plained in ^ 98.

^ 95. Comparison of Methods for the Determination

of Specific Heat.— The principal difficulty in the first

method (^ 94, I.), for the determination of specific

heat, is to avoid a great loss of heat while the shot is

being transferred from the heater to the calorimeter.

In the second method (^ 94, II.) there is no

opportunity for a loss of heat on the part of the shot,

since its temperature is determined by a series of

observations within the calorimeter, from which its

temperature at any point of time may be found

(^ 93, 2). The principal objection to the second

method is the difficulty of deterniining accurately a

series of temperatures in which rapid changes take

place ; and the necessity of allowing for the thermal

capacity of the calorimeter, which is always a more

or less uncertain quantity, and bears a considerable

proportion to the thermal capacity of the shot.

The third method (^ 94, III.) has the same prac-

tical advantages and disadvantages as the first.

The fourth method (^ 94, IV.) is the one com-

monly employed for the determination of specific

heat. Since the temperature of the water is 'found

when within the calorimeter, there is no opportunity

(as in the other methods) for heat to be imparted to

it in the act of pouring. There is however difiSculty,
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as in the second method, in determining accurately a

temperature which is changing (^ 92, 3), and still

further difficulty in maintaining a uniform tempera-

ture throughout the calorimeter with a quantity of

water which only half fills it {^ 92, 8). When the

latter difficulty is avoided by using water at the tem-

perature of the room, the mixture must have a tem-

perature considerably above that of the room, and

one therefore which is hard to determine (^ 92, 3).

The thermal capacity of the calorimeter must also,

as in the second method, be taken into account.

By comparing the results of the first and second

methods, we are able to estimate the effect of the

heat lost in pouring the shot into the calorimeter (see

also^ 93, 4), and by comparing results of the third

and fourth methods, we are able to estimate the effect

of the heat absorbed by the ice-cold water when it is

poured from one vessel to auother. This will be

found to be small in comparison with the heat lost

by shot at 100° under similar circumstances. The

second method, in which the latter is eliminated, is

therefore' preferable to the fourth. In the fir.st and

third methods, the heat lost by the shot is partly

offset by that imparted" to the, water. Since the

former is greater than the latter, the third method is

preferable to the first; because the longer exposure

of the water may compensate for the more rapid cool-

ing of the shot. The choice between the second and

third methods will depend largely upon the compara-

tive accuracy, with which we can determine the heat

given out by the calorimeter (^ 87) and the heat lost
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by the shot (^ 93, 4). The advantages cf using in

any case hot shot and cold water have been already

stated (^ 94, V.).

EXPERIMENT XXXIV.

SPECIFIC HEAT OF LIQUIDS.

^ 96. Determination of the Speciflo Heat of a Liquid

by the Method of Mixture. — IMie specific heat of a

liquid may be deterniiued either by mixing it me-

chanically with water, or by bringing it in contact

with a solid of known specific heat. The first method

is the more direct, but cannot be employed with

liquids which unite chemically with water, unless

we know the amount of heat given ont or absorbed

by the reaction (see ^ 92, 1). Before deciding which

method we shall employ, we therefore mix together

the contents of two test-tubes, each at the temper-

ature of the room, one containing water, the other

the liquid in question. If no change of temperature

is observed, the first method is adopted. If the tem-

perature rises or falls, we must either make a sepa-

rate experiment to determine accurately the amount

of this rise or fall (see Exp. 35), or else adopt the

indirect method, using a solid instead of water.

I. The determination of the specific beat of an

insoluble liquid by the method of mixture does not

differ essentially from the case of a solid. A heavy

oil may for instance be heated by the same apparatus

(Fig. 79, ^ 94) employed for the shot, and mixed with
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ice-cold water, according to either of the methods

described (^ 94). Instead of shaking the mixture,

a brass fan or stirrer (Fig. 60, ^ 65) may be em-

ployed.

The objections to mixing hot water with a cold

liquid are not nearly as strong as in the case of solids

(^ 94, V.) ; for though most liquids have a specific

heat less than that of water, the differences are very

much less. By pouring a comparatively small quan-

tity of water at a temperature not exceeding 40° or

50° into a liquid at 0° a mixture may be had not

far from the temperature of the room. With liquids

less dense than water this method is generally to be

preferred (see ^ 92, 6 and 8). The results may be

reduced by the appropriate formula from ^ 98.

Attention has already been drawn (^ 92, 1) to

precautions again&t chemical action in the case of

corrosive liquids, and in the case of volatile liquids

against evaporation (^ 92, 6) and combustion (•([ 83).

II. In the case of liquids which mix with water,

the ordinary methods of mixture cannot generally be

employed, on account of the heat absorbed or devel-

oped by solution or combination. It is necessary

to find some substance, of known specific heat, upon

which such a liquid exerts no thermal action. This

substance is then mixed with the liquid by either of

the methods of ^ 94. The data necessary for find-

ing the specific heat of the liquid are as usual the

weight of the two substances in question, the tem-

perature- of each before the experiment, and the

resulting temperature of the mixture.
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The lead shot already employed (^ 94) may be

used to determine in this way the specific heat of

alcohol, glycerine, saline solutions, etc. For corro-

sive liquids, like nitric acid, glass beads (of specific

heat about 0.19) may be similarly employed (see

general formula, ^ 98). Evidently this indirect

method is more general than the ordinary method

of mixture, since it can be applied to all liquids,

whether soluble or insoluble in water. It has the

advantage of eliminating almost completely the heat

lost l)y the hot body between the heater and the

calorimeter, since this loss is practically the same in

the case of water as in the case of other liquids with

which a comparison is made.

^ 97. Peculiar Devices employed in Calorimetry.

—

In the method of mixture (Exps. 33 and 34) a thermal

equilibrium between two or more substances is estab-

lished by bringing them in contact. It is not, how-

ever, necessary that the two bodies should touch each

other. The difficulties which arise from the mu-

tual action of two substances may often be avoided

by surrounding one of them with an envelope, through

which, by the conduction of heat, an equalization of

temperature takes place. If, for instance, a hot liquid

contained in a glass bulb be surrounded by cold

water, a certain quantity of heat will be given out.

Having found by a separate experiment how much
heat is derived from the bulb alone, we may calculate

the specific heat of the liquid in the ordinary manner,

that is, from the weights and changes of temperature

involved (see general formula, ^ 98).
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The liquid in question may be contained in an

ordinary tliermometer bulb. In this case its change

of temperature may be inferred very accurately from

its contraction, as shown by the fall of a column of

liquid in the stem of the thermometer. It is neces-

sary, of course, to make a careful comparison of a

thermometer containing an unknown liquid with an

ordinary mercurial thermometer (see ^ 92, 2). This

method has obvious advantages in the case of costly

liquids.

On the other hand, when the supply of a fluid is

unlimited, it is frequently advantageous to use an

envelope in the form of a spiral tube, or coil, through

which the fluid in question may be passed in a con-

tinuous stream. We are thus enabled to bring a

great volume of the fluid in thermal equilibrium wilh

a small volume of water. This device is exceedingly

important in the case of gases, since it would be

otherwise impossible to bring enough gas in thermal

equilibrium with a given quantity of water to af-

fect the temperature of the water by a measurable

amount.

The weight of the gas employed is not measured

directly, but is determined from its density (see

^^ 44, 46) and from the volume employed. The

volume is indicated by a gas-meter (a6. Fig. 80)

tlirough which the gas is first passed. The gas is

then raised to the temperature of 100° by passing

it through a steam jacket, bd. Then it circulates

through a coiled tube surrounded with water, and

escapes from an orifice where its final temperature
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can be observed. From the thermal capacity and

rise of temperature of the calorimeter, we may cal-

culate the quantity of heat given out by a known

quantity of gas in falling through a known number

of degrees, and hence the specific heat of the gas.

It is found that the specific heat of air at the con-

stant pressure of one atmosphere is about 0.238, or a

Fig. 80.

little less than one fourth that of an equal weight of

water.

A much more difficult task consists in the determi-

nation of the specific heat of a gas when confined to

a constant volume. The following method is sug-

gested. It depends upon the fact that a given electric

current passing for a given time through a given con-

ductor generates in that conductor a given quantity

of heat. This quantity may be found -b}' experiment

(see Exp. 86), or calculated by the principles of

§ 136. Let us suppose that a known quantity of heat

is thus suddenly generated within a closed flask (Fig.

81) ; and that the increased pressure of the air is
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EiG. 81.

measured, as in IT 80, by the rise of mercury in an

open tube. Then the average temperature of the

air within the flask can be calculated (see § 76).

We may therefore find the ther-

mal capacity of a known volume or

of a known weight, and hence the

specific heat in question (about .169).

It. is found that the thermal ca-

pacity of a cubic .metre of air is

about 219 units at 0° and 76 om. when

prevented from expanding, as against

308 units when free to expand under

a constant pressure. The thermal

capacity of an equal volume of oxy-

gen, of nitrogen, or of hydrogen is very nearly the

same as that of air under similar conditions.

Instead of using an electrical current to generate

heat (as illustrated in Fig. 81), we may employ vari-

ous other agents, as for instance the combustion, the

solidification, the fusion, the condensation, or the

vaporization of a known weight of a given substance,

or the conversion through friction of a given amount

of work into heat (see Exp. 70). If, for example,

the combustion of a gram of coal heats a kilogram of

water 8°, and a kilogram of petroleum 16°
; or if 100

grams of ice cool these liquids 8° and 16° respec-

tively ; the specific heats must be to each other as

2 to 1. The same inference would be drawn if the

same quantity (100 grams) of steam which heats

1 kilogram of water 54° were found to heat 2 kilo-

grams of petroleum by the same- amount. The spe-
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cific heats of different substances are to each other, in

general, inversely as the changes of temperature pro-

duced by a given cause, and also inversely as the

weights affected. The determination of specific heat

is evidently capable of as many modifications as there

are different methods by which a definite quantity of

heat may be generated or absorbed.

Instead of using the pressure of air to measure its

temperature, we may also employits expansion (§ 80)

as in the air thermometer (IT 74). The specific heat

of air under a constant pressure might obviously be

determined by an apparatus similar to that repre-

sented in Fig. 81 ; hence, conversely, if this specific

heat is known, we may measure quantities of heat by

the expansion which they produce in air at a given

pressure. It does not (as one might think) make

any difference theoretically hdiv much air is heated

;

because an increase in the quantity of air will be

offset by a decrease in the temperature to which it

will be raised by a given amount of heat ; and for the

same reason it is indifferent whether a small portion

of the air is heated a great deal, or whether a con-

siderable portion is heated by a proportionately small

amount. In this method of estimating heat it is not

necessary to wait for an equilibrium of temperature.

We hasten in fact to make our observations before an

equilibrium is reached, so as to avoid loss of heat by

contact of the air withthe sides of the vessel in which

it is contained. It has been calculated that one unit

of heat should in all cases cause in a body of air at

76 cm. pressure an expansion of about 12 cubic centi-
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metres. Since an expansion of less than 1 cubic milli-

metre is easily detected, we have, in the air ther-

mometer, a very delicate means of measuring small

quantities of heat.^

Instead of air, we may use any other fluid which

has a regular rate of expansion to determine quanti-

ties of heat. The principle above explained has

been applied by Favre and Silbermann in the con-

struction of their mercury calorimeter .^ This is essen-

tially a thermometer with a huge bulb. If even

a small quantity of hot liquid be introduced into a

cavity in this bulb, there will be a perceptible expan-

sion of the mercury, by which we may measure

the heat given out by the liquid in que'stion ; for it

has been found that 1 unit of heat always causes in

a body of mercury an expansion of about 4 cubic

millimetres.

There are various other definite effects produced

by a given quantity of heat, any one of which might

theoretically be applied to the pur-

poses of caloriraetry. The only ap-

plication of practical importance

depends, however, upon the heat

required for the fusion of ice (see

Experiment 36). A rough form of ^"^
^^

ice calorimeter consists of a block of ice (Fig. 82)

with a small cavity in which a hot body may be

1 The air thermometer has been used in the Jefferson Physical

Laboratory to measure minute quantities of heat generated in a car-

bon fibre by telephone currents.

2 See Ganot's Physics, § 463. -
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placed. A second block may be used as a cover.

The water formed by the liquefaction of ice is gathered

by a sponge, and weighed by the usual method of dif-

erence. Since one unit of heat melts, one-eightieth

of a gram of ice, the quantity of heat giveii out by

the body in falling to a temperature of 0° can easily

be calculated. In Bunsen's ice calorimeter, the quan-

tity of ice melted is estimated by the change in volume

of a mixture of ice and water.

^ 98. Calculation of Specific Heat in the Method of

Mixture.— If Wj is the weight of the body, the specific:

heat of which (Sj) is to be determined, and t^ the

temperature of this body, reduced to the time of

mixing ; if lO^ is the weight of the body the specific

heat (Sj) of which is known, and if t^ is its tempera-

ture, also reduced to the time of mixing ; if c is the

thermal capacity of the calorimeter, t^ its original tem-

perature and, t the temperature of the mixture ; then

if q is the quantity of heat lost by cooling, that is,

absorbed by the air, etc., we have, by the principle

of § 90, the general formula,

% Si (i—
*i) + ^2*2 (*—O + e («— ij) + q = 0.

From this formula we may obtain the solution of

all problems in the determination of specific heat by

the method of mixture.

In addition to 825 c, and q (which are known, or

may be calculated), we require at least five data

for a determination of specific heat ; namely, the two

weights employed, Wj and w^, the two corresponding

temperatures, t^ and t^ also, the temperature, t, of
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the mixture. The original temperature, t^, of the ca-

lorimeter must also be determined, unless by the

nature of the experiment it is known to agree with

one of the other temperatures.

When water is used s^ = l; hence we have, if the

water used is colder than the mixture,

or if the water is warmer than the mixture,

s -w (^2—0— c(^— —

g

If the temperature of the water is taken in the ca-

lorimeter, so that t^ = tg, we may combine the terms

in the numerator, so that for cold water,

_ (w, + c)(t—t,) + q

or for hot water,

_ K + OGa— —

g

If the original temperature of the calorimeter is

the same as that of the mixture, the terms c(t—Q
vand c (*3— i) disappear from I. and II. respectively ;

hence, for cold water, "
.

w^ jt-Q + q „

and for hot water,

13
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If, finally, the temperature of the mixture is the

same as that of the room, there is no loss of heat by

cooling (§ 8'9), that is, g' = ; hence the term q

disappears from all the formulae. We have therefore

in the simplest possible case, when the calorimeter is

at the temperature of the room botJh before and after

the experiment, if cold water is used,

and if hot water is used,

, = !^^). VIII.

The calculation of the thermal capacity of the

calorimeter (c) is explained in ^^ 86 and 91 ; that

of the heat lost (j) in ^ 93, 3. Tlie corre'ction of the

temperatures t^ and t^ to the time of mixing may be

done either by graphical or by analytical methods

(T[ 93, 1 and 2).

EXPERIMENT XXXV.

HEAT OP SOLUTION.

^ 99. Determination of Latent Heat of Solution.—
When a solid dissolves in a liquid, or when two

liquids mix together, there is almost always a rise

or fall of temperature. This is due probably to a

a molecular re-arrangement which takes place. Th.e

object of this expepimesnt is to find how much heat is

given out or absorbed, as the case may be, by one
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gram of a given substance wlien mixed with or dis-

solved in water.

I. Liquids. — When equal volumes of alcohol and

water are mixed together (see ^ 96) a rise of tem-

perature may he observed. To ijieasure this rise

accurately, a calorimeter is ia be weighed empty,

and re-weighed with a quantity of alcohol which fills

it half-full, and which is at a temperature, accurately

observed, not far from that of the room. An equal

volu-Bie of water, heated or cooled if necessary so as

to have exactly the same (temperature, is then mixed

with the alcohol in the calorimeter, and the resulting

temperature accurately deterniinpd by a series of ob-

servations (^ 92,10). The wieight of water is also

to be found (see ^.'92, 5). If the thermal capacity

of the calorimeter and the specific beat of the liquid

are both known, the latent heat of solution may be

calculated by formula II., ^ 100.

It is better, however, to repeat the experiment' with

water at a much lower temperature, which must be

determined (see ^ 92, 10) by a series .of observations.

The object aimed at is to offeet in this way the heat

due to mixture. When alcohol in a .ealorimeter at

the (temperature of the room is mixed with an equal

volume of water, which is cooler than it by the right

number of degrees, scarcely any rise ,or fall ,of temper-

ature will be observed in the calorimeter. In this

case a single observation will suffice.

Let us suppose, for example, tthat equal volumes of

alcohol and water rise 8° when mixed at the same

temperature, but that if the water is 9° cooler than
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the alcohol, the rise is 2°. Then since 9° in the

water makes a difference of 8°— 2°, or 6°, in the

mixture, 12° in the water would make a difference

of 8° in the mixture. It follows that the alcohol

could be mixed with an equal volume of water 12°

below it in temperature without being warmed or

cooled by the process.

It would be well to test the accuracy of such a

conclusion by a third experiment. When the desired

difference of temperature has been found, either by

experiment or by calculation, the latent heat of mix-

ing is easily computed. We multiply the weight of

water by its rise of temperature to find the number

of units of heat received, and divide by the weight

of alcohol to find the amount given put by one gram

;

or we may use formula III., ^ 100.

The experiment may be varied by using different

liquids, or by mixing a given liquid with water in

different proportions.

II. Solids.— When ammonic nitrate is dissolved in

water a fall of temperature is observed. The amount

of this fall may be determined as in the case of alco-

hol; but in order that the solid may be readily dis-

solved, it is better to use only one part of the salt in

nine of water. To ensure rapid solution, the salt

should be pulverized. In the first experiment the salt,

the water, and the calorimeter should all start at the

temperature of the room. The fall of temperature

of the water may require a thermometer divided into

tenths of degrees for its accurate determination. The

use of a stirrer is very important (^ 65, 5).
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The experiment may now be repeated with water

somewhat warmer than, before, with a view to mak-
ing the resulting temperature agree with that of the

room. The water should, however, be placed first in

the calorimeter, in order that the temperature of the

latter may be accurately determined. A series of

observations must be taken (^ 92, 10). The salt is.

finally added, and the fall of temperature accurately

measured. If the water has been heated too much
or too little, the experiment may be repeated until

the mixture agrees in temperature with the room ; or

the desired temperature of the water may be calcu-

lated by the same process of reasoning as was em-

ployed in I. In calculating the latent heat of solution

by this method, the thermal capacity of the calori-

meter must be taken into account, since part of the

heat absorbed by the salt is supplied by the caloriT

meter. In other respects the reduction is the same

as in I. (see also formula IV., ^ 100).

If, for instance, 10 grams of salt cool. 90 grams of

water contained in a calorimeter with a thermal ca-

pacity equal to 10 units, from 22° to 20°, that is 2°,

we have (90 -|- 10) X 2= 200 units of heat given out.

Since 10 grams of the salt absorb 200 units, each

gram must require 20 units of heat ; hence the latent

heat of solution is 20. The latent heat in question

varies slightly according to the strength of the solu-

tion formed.

^ 100. Calculation of the Latent Heat of Solution.

— If Wi is the weight of the substance whose latent

heat of solution, li, is to be determined, s^ its specific
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heat, apd t^ its original tetoperature 5 if w^ is the

weight of the solvent^ Sj its speeific heatj and ^ its

original temperature ; if is the thermal capacity, tg

the oHginJtl and t the final temperature of the calori-

meter (heriee also of the mixture), then the quan-

tities of heat absorbed are; (1) w^ «i
(t ^^ tj} in

raising the' temperature of the substance dissolved

;

(2) W2 S2 Q -^ t'l) ill raising the teifiperature of the

solvent ; and (3) e (f — ^3) in raising ihe tempera-

ture of the dalorimeter and (4) li\ l^ in the act of

solution. Hfendej by the principle of § 90j

Wi s^ («— «i) + Wa «2 it— t^)-\-e{t — 4)+ Wj, ii == 0, I.

neglecting the heat lost by cooling.

This gives for the latent heat of mixing with watery

which we consider positive if heat is absorbed^ but

negative if (as is usually the case when two liquids

are mixed) heat is given out,^ since s^ == Ij and since

<i and 4 are the saiiie (the temperature of the liquid

being determined iii the calorimeter)^

I
_ _^ (m>i Si + g) (i— ty) +W^it— Q

jj

If the experiment is varied so that 1 = 1^ then we
have simply

^^^^.G-^0
III.

If, however, the temperature of the watSi^ is found

within the calorimeter, so that *2 == 4i the substance

' The same formula may be used to determine the heat of combi-

nation, only that ths sign miist bfe reversed (sefe IT 106).
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dissolved being as before unchanged in temperature,

we have for the latent heat of solution, which we
call positive when heat is absorbed, the formula

h-
(w, -(- c) (ta —

j.^

EXPERIMENT XXXVI.

LATENT HEAT OP LIQUEFACTION.

^ 101. Determination of the Latent Heat of Water.

— Latent heats of liquefaction are determined in

essentially the same manner as latent heats of solu-

tion (Exp. 35, II.). Instead, however, of dissolving

a solid in a fluid, the solid is simply melted by

the fluid. Knowing the weights, specific heats, and

changes of temperature of the substances in question,

we may calculate by the general formula (^ 100, I.)

the heat required to melt one gram of the solid ; or,

in other words, its latent heat of liquefaction.

It is evident that the liquid must exert no solvent

action on the solid, otherwise we should have to

allow for heat of solution (see Exp. 35). It is also

necessary that the mixture be at a higher tempera-

ture than the solid, else the solid will not melt. It

is well that the solid should start at its melting-point,

since otherwise we must allow for the heat necessary

to raise it to the temperature in question. A consid-

erable time must generally be allowed for the process

of melting ; to shorten this time as much as possible,
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the mixture should be vigorously stirred. Observa-

tions of temperature should be taken from time to

time (^ 92, 8) during the process.

When ice is the solid employed, difiSculty will be

found in obtaining sufficiently small pieces free from

water. The ice should be cracked into fragments

weighing a few grams each, which are then to be

wrapped up in cotton-waste and weighed. Any

moisture formed by the melting of the ice should

be absorbed by the waste.

The calorimeter is weighed empty, and re-weighed

when about half-full of warm water. The tempera-

ture of the water should be about 50°, and is deter-

mined by a series of observations (^ 92, 10) ; then

ice is added until the calorimeter is nearly full. The

ice should be handled by means of a portion of the

cotton waste which surrounds it, and each fragment

should be wiped as dry as possible before placing it

in the calorimeter. The time occupied by this pro-

cess and. by the fusion of the ice should be noted

(^ 92, 9). The resulting temperature of the water

must be accurately determined. The quantity of ice

used should be found both by re-weighing the cotton

waste and by re-weighing the calorimeter (^ 92, 5).

^ 102. Calculation of the Latent Heat of Water.—
If Wi is the weight x}i ice employed, t^ its original

temperature (that is, 0°) and Sj its specific heat in the

liquid state, (that is, 1) ; if w^ is the. weight of water

employed, t, its temperature reduced to the time of

mixing (^ 93), and s^ its specific heat (that is 1) ; if

c is the thermal capacity of the calorimeter calculated
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as in ^ 91, ^3 its original temperature (the same as t^'),

and t the temperature of the mixture ; we have, sub-

stituting these values in formula II., ^ 100,—

_ (^2+ c) (^2 — —w^t

From the numerator of this fraction should be sub-

tracted a correction expressing the number of units

of heat lost by the warm water while the ice is being

melted. Since the water begins at a temperature t^,

and ends at a temperature t, its average temperature

is J (t.^ -\- t), nearly. Subtracting the temperature of

the room, we have, approximately, the average excess

of temperature. Multiplying as in ^ 93 (3), by the

number of minutes required to melt the ice, and also

by the heat lost per minute when the temperature is

1° above that of the room (see ^ 87), we have the

correction in question. Evidently, if the average

temperature of the water is the same as that of the

room, no correction for cooling need be made.

The truth of the formula for the latent heat of

water may be seen by the following considerations

:

Since w^ grams of water and the equivalent of c

grams of water (in the brass and other materials

composing the calorimeter) are cooled from ^2° to t°,

the heat lost by the hot bodies amounts to (w^ + c)

X (t^ — t) units. Subtracting from this the correction

for cooling, we have a remainder which must repre-

sent the heat absorbed by the cold bodies ; that is, •

the ice and the water formed by its liquefaction.

Now Wi grams of ice form w^ grams of water at 0°

;
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and to raise this to f requires % X ^ units of heat.

Subtracting this from the previous remainder, we

have, therefore, the heat required to melt w^ grams

of ice. Finallj'^, dividing by Wj, we have the heat

required to melt 1 gram, or the latent heat in

question.

EXPERIMENT XXXVII.

LATKNT HEAT OF VAPORIZATION.

^ 103t Determination of the Latent Heat of Steam.

— There are many points of resemblance between

the determination of the latent heat of vaporization

and that of the latent heat of liquefaction (Exp. 36).

Instead of melting a solid in a liquid, a vapor is con-

densed in a liquid. From the weights, specific heats,

and changes of temperature in question, latent heats

of vaporization may be calculated by the same general

formula (^ 100, I.) as latent heats of liquefaction.

The vapor must evidently have no chemical affinity

for the liquid. The liquid must be at lower tem-

perature than the vapor, in order that the latter may
be condensed. The vapor should start as nearly as

possible at its temperature of condensation, otherwise

an allowance must be made for the heat given out

in reaching this temperature. Care must, however,

be taken that the vapor is freed from particles of

liquid formed by its condensation, before it passes

into the calorimeter.
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Fig. 83.

When steam is used, it is passed froiii a generator
(a. Fig, 88) through a trap (J)^ where nearly all its

moisture is deposited.

it will be seen lu the

diagraril that the fexit

tube is completely gui'-

rous4sd,eit>he'r by steam

or by edrk, until it

reaches the calorimeter.

If, therefore, this tube

is well heated by a cur^

refit tii stealfl before the

experitnerlt, there is no

reason -Why any oondeiisation should take place

. Within it.

The daleriingter is weighed when efiipty, and re-

weighed with a quantity of water sufficient nearly

to fill the inner cup, and as Cold as possible. The

temperature of this water is determined by a series

of observations at iiltetvals of one minute (^ 92, 10)

;

then the curteBit of steam issuing from the trap is

turned suddenly into the watet. The water is stirred

vigorously by twist! hg the stem of a thermometer to

which a stiri'^r is attached. WheH the temperature

of the water has I'iseti aS niuch above that of the

l-boln as it ir&s below it befori the admission of

steam, the trap is takeii away frOra the calorimeter,

and the resulting temperature determitied by another

defies of observations. The time used in heating the

water to the required temperature should be as small

as possible, to avoid errors due to gain or loss of
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heat ; but if the average temperature agrees with

that of the room, no correction for coohng need be

applied (see ^ 102). The weight of steam con-

densed is found by re-weighing the calorimeter, and

the temperature of this steam determined by an ob-

servation of the barometer (see ^ 69, IL).

^ 104. Calculation of the Latent Heat of Steam. —
If Wi is the weight of steam condensed, Sj the specific

heat of the liquid formed by its condensation (that is,

l),i and *i its original temperature (let us say 100°,

but see Table 14) ; if w^ is the weight of water, s^ its,

specific heat (that is, 1) and t^ its original tempera-

ture ; if c is the thermal capacity of the calorimeter,

tg its original temperature (the same as t^, and t the

temperature of the mixture ; we have, substituting

these values in the general formula (^ 100, 1.),—
, _ {iv,_ + c) {t — fa) — w, (100 —
h — •

To the numerator of this fraction should be added

the heat (if any) lost in cooling, since this is also at

the expense of the steam.

The formula may also be established by a process

of reasoning similar to that used in ^ 102. To raise

the equivalent oi w^ + c grams of water (t — t^) de-

grees requires {w^ + o) X (t — %) units of heat. Part

of this was furnished by the iv^ grams of water at

100° (nearly) in cooling to t°. This part is clearly

Wj (100 — t). Subtracting this from the total heat

1 The specific heat of water varies from 1.000 at 0" to 1.013 at

100°, having a mean value of about 1.005.
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receiYed by the water, we have that given up to it by

Wi grams of steam in the act of condensation ; hence,

dividing by Wj, we have the heat given out by one

gram of steam at 100° when condensed into water at

100° ; that is, the latent heat in question.

EXPERIMENT XXXVIII.

HEAT OF COMBINATION.

^ 105. Determination of Heats of Combination. —
The same method, essentially, is employed for the

determination of heats of combination as for heats of

solution (Experiment 35) ; the only difference being

that the solvent has a chemical affinity for the sub-

stance dissolved. From the weights, specific heats,

and changes of temperature of the materials involved,

the heat of combination may be calculated by the

general formula (IT 100, I.). Heats of combination

are, however, called positive when the result of mix-

ture is to raise the temperature of the constituents.

(1) Zinc and Nitkic Aged. — A gram of pure

zinc filings is to be dissolved in at least fifty times its

weight of dilute nitric acid. The student should de-

termine by a preliminary experiment what strength

of acid may be required to ensure rapid solution

without danger of accident from excessive efferves-

cence.. This will depend largely ujpon the fineness

of the zinc. When " zinc dust " is used, very dilute

acids must be employed. The zinc dust should be
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poured iijito the a,cid, not the acid on the zinc diust.

The inner cup of the calorimeter (Fig. 71, ^ 85)

should be replaced by one of glass (<[[ 92, 1), th^§

thermal capacity of which must be calculated a? in

^ 91. The glass cup is then nearly filled (5[ 92, 8) with

the dilute acid at a temperature below that of the

room. This temperature must not, however, be so

low as to arrest the .cJaemica,! .g.otion. The process of

solution may be greatly accelerated by the use of a

platinum-stirrer ; ^ but a brass istirrer coated with

asphaltum may be employed (see ^ 92, 1). The

quantity of dilute ;acjd used must be found by weigh-

ing the caloiimeter wi-th and without it ; and the

rise of temperature of this acid must be deterflained

by a series of iobservations of temperature (^ 92, 10)

both before and after the experiment. It is well

also to re-weigh the .ealorimeter ajfter the experiment,

to guard against any loss of material (H 92, 5), The

loss of weight due to the escape of nitric oxide gas

will hardly be detected.

(2) Zinc Oxide anb Nitrig Acid. — The experi-

ment is now to he repeated with a quantity of zin?

oxide which would be formed by the combustion of

1 gram of zinc. This quantity is 1.25 g., very neariy-

The same weight and strength of acid are to" be used

as before (1) ; but the temperature should he very

little below that of the room.

? Currents of electricity generated by the contact of platinutp and

zino assist the ohemj.cal aetipn. It is, indeed, stated by somie author-

ities that in tlie absence of such currents perfectly pure zinc is not

attacked by dilute acids.
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The density of the aeid used should be determiiiiiied

roughly as in ^ 40.

From the results of this experiment the student

is to calculate (as in T 106, below) the number of

units of heat given out by 1 gram of zinc in uniting

with an excess of dilute nitric acid, also what part of

this heat is due to its uniting with the oxygen of the

acid. The heat of combination of zinc with nitrie

acid will be found to have an important bearing upon

problems relating to electric batteries in which zinc

is the dissolving element and nitrie acid the oxidizing

agent .(§145).

^ 106. Calculatdams relatmg to Heat of Coinbina-

tioa. — It is necessary, in general, to find the spe-

cific heat of the liquid lused for a determination of

beats of combination (see Experiment 34). The

specific heats of :cei1fcain solutions, amongst them

nitrie acid, msay be found, wheji their densities are

known, by Table 30. In ealeulating the thermal

capacity of a calorimeter, the ^eeifie heat of the

glass composing the inner cup »ay be taken as

0.19,

If Wi is the weight of zinc employejJ, «i its specific

heat (.09.5), ti its original temperature ; if w^ is the

weight of acid employed, «2 its specific heat (from

Table 30), and t^ its original temperature reduced

(see ^ 93, 2) to the time of solution ; if p is the

'thermal capacity of the calorimeter, t^ its original

temperature (the same as t^) and t the temperature of

the mixture, we have for the :heat of combination h

(substituting h for I in the general formula of ^ 100,
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and changing signs, since h would be negative if heat

were absorbed),

(w, 8, + c) (t-Q + M>, 8, (t-t^)
h= 1.

If, as in the experiment, a comparatively large quan-

tity of acid is employed, the second term of the nu-

merator may be neglected. When, moreover, 1 gram

of zinc is used, Wi= 1, and we have,

h=^(w^ Sa + e) (t—W), nearly. II.

The truth of the last formula is suflSciently evi-

dent, since s^ is the thermal capacity of 1 gram of

the acid, w^ s^ must be that of W2 grams ; and this

added to the thermal capacity (c) of the calorimeter

must represent (neglecting the 1 gram of zinc) the

total thermal capacity. In the formula (11.) the

total thermal capacity is simply multiplied by

the number of degrees rise in temperature. This

must give the number of units of heat developed by

the combination of the zinc with the acid.

The heat of combination of zinc oxide may be

calculated by formula I. To find the heat given but

by a quantity of zinc oxide (1.25 grams, nearly)

which contains 1 gram of metallic zinc, this heat of

combination must be multiplied by 1.25. The same

result may be obtained directly by formula II. if, as

in the experiment described, we have employed 1.25

grams of zinc oxide.

The chemical reaction which takes place when

zinc is dissolved in nitric acid may be divided theo-
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retically into two stages : first, the combination of 1

gram of zinc with oxygen, which is obtained by the

decomposition of a part of the nitric acid,i thus :

Zinc. Oxygen. Zinc oxido.

Zn + O = Zn O ; (1)

and, second, the combination of the 1 25 grams of zinc

oxide thus formed with more of the nitric acid to

form zinc nitrate, thus

:

Zinc oxide. Nitric acid. Zinc nitrate. Water

ZnO + N/J^H.Or^ZnON^O, + H^O. (2)

We have already found the heat developed by the

process as a whole. We have also found the heat

developed in the second stage of the process, namely,

the union of 1.25 grams of zinc oxide with nitric

acid. The difference between tliese two quantities

of heat must (by the principle of the conservation of

energy) be equal to the heat developed bj' 1 gram of

zinc in combining with oxygen extracted from nitric

acid.

If, for example, 1 gram of zinc dissolving in 100

grams of nitric acid of a certain strength gives out

1 Nitric acid, thus deprived of its oxygen, may be reduced to ni-

trous acid, nitric oxide (gas),' or even to amnionic nitrate. The reac-

tions are as follows :

—

2 Zn + 3 N2O5 H2O = 2 ZnO • N2O5 -f 2 HsQ -f NjOj • H^O {nitrous

acid).

3 Zn + 4 N2O5 • H2O = 3 ZnO • NjOj + 4 H2O + 2 NO (nitric oxide).

4 Zn -f 5N2O5 H2O = 4 ZnO • N2O5 -f 3 H^O + (H4N) (NOg) (ammo-

nic nitrate).

Nitrous acid may be formed by the reduction of strong nitric acid.

The presence of nitric oxide gas may usually be recognized by the

red fumes which are generated when nitric acid js reduced. Ammonic

nitrate is formed only in very weak solutions (Wurtz, Chimie

Moderne, p. 169).
14
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1,500 units of heat, while an equivalent (1.25 grams)

of zinc oxide gives out only 400 units of heat, it is

evident that 1500— 400, or 1100, units of heat are due

to the combination of 1 gram of zinc with the oxygen

of the acid.

^ 107. Heat of Combustion.— We have seen in the

last section how we may find indirectly the amount

of heat given out by a gram of a given material when

it combines with the oxygen of an acid. This heat

varies greatly according to the difficulty of extracting

the oxygen in question. If, for instance, as in sul-

phuric acid, the oxygen must be taken away from

hydrogen, for which it has a great affinity, nearly

three fourths of the energy will be spent in decom-

posing the acid. In the case of nitric acid, less diffi-

culty is encountered ; since nitric acid is more readily

^decomposed (see footnote, ^ 106). Even, however,

in the case of chromic acid, in which the oxygen

approaches very nearly its condition in the free state,

the heat of combination with

oxygen will differ somewhat

from the result which we

should obtain by burning a

metal in oxygen gas.

The heat given out by one

gram of a substance when
burned in oxygen is called

its heat of combustion in

oxygen. It may be determined directly by an appa-

ratus shown in Fig. 84. The substance in question

is placed in a deflagrating spoon, i, contained in a

Fig. 84.
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water-tight chamber, h ; oxygen (or air) is admitted

to this chamber by the tube a, and the gaseous pro-

ducts of combustion, if any, escape through the spiral

tube gfc. The whole system of tubes is surrounded

by water, contained in a calorimeter of the ordinary

sort. When the temperature of the water has been

observed,, the substance is ignited by a current of

electricity. From the rise of temperature and the

thermalcapacities of the calorimeter and its contents,

the heat of combustion is calculated.

To determine the heat of combustion of a gas with

this apparatus, a third tube must be added to supply

the gas. A much simpler device consists, however,

of a small metallic cone soldered into the bottom of

a calorimeter. The cone ends above in a spiral tube,

surrounded by water. A gas jet burned beneath this

cone will give up nearly all of its heat to the water.

The quantity of gas used is measured by a gas-meter.

The determination of heats of combustion in general

is an exceedingly difficult problem, but the ambitious

student may be encouraged to attempt a rough deter^

mination of the heat of combustion of coal-gas or

alcohol with a simple apparatus like the one de-

scribed.
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EXPERIMENT XXXIX.

RADIATION OP HEAT.

^ 108. The Pyroheliometer.—A simple form of pyi'O-

heliometer (ttu/j, fire, heat; ^\w?, sun; fierpov, meas-

ure), or instrument for measuring the heat radiated

by the sun, consists of a hollow

tin box (Pig. 85) filled with water.

One of the outer surfaces of the

box is blackened, so as to absorb

most of the heat which falls upon
Fig. 85. . rr,, • p ,

it. This surface is turned per-

pendicularly to the rays, the intensity of which is to

be measured. The temperature of the water is ob-

served by a thermometer passing through a hole in

the side of the box. The number of heat units ab-

sorbed is calculated from the rise of temperature and

thermal capacity of the vessel and its contents, as

in other experiments in calorimetrj*. An allowance

for cooling is made by watching the thermometer

when the instrument is in shadow. It is found in

this way that the solar radiation may amount to

nearly 2 units of heat per minute on each square

centimetre of surface.

The pjToheliometer may also be used to measure

the heat radiated by a candle, or any other source of

heat ; or it may be employed simply to compare two

sources with each other. In all such experiments it

is obvious that the distance of a given source of heat
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must be taken iuto account. It will be found, for

instance, that the heat radiated by an ordinary can-

dle-flame at a distance of about 2 cm. may be as

intense as the sun's heat. At the distance of a deci-

metre, the heat from the candle could hardly be

detected by a pyroheliometer.

^ 109. Application of the Law of Inverse Squares.

When a person stands midway between two sources

of heat which are equal in every respect, he feels of

course equal intensities of radiation. If, liowever,

one of these sources is much more powerful than the

other, he must approach the smaller of the two in

order that the warmth from both may seem to be the

same. Let the power of the first source be x, and

the distance from it a ; let the power of the second

source be y, and the distance from it J / then accord-

ing to the law of inverse squares (§ 94) the effects of

the two sources will be proportional to a; -4- a^ and to

y -^ 5^, respectively. If the two effects are equal, it

follows that

X -^ c?= y -^ h^ ; ov x:y ;: cfi'.h"^.

It thus appears that the powers of any two sources of

radiant heat are to each othQV directly as the squares

of the distances at which they produce equal effects.

The same reasoning may be applied to two sources

of light, to two sources of sound, or to any two

sources of radiant energy, the effect of which dimin-

ishes as the square of the distance increases.

We have, accordingly, a principle by which we

may compare any two sources of energy of the same
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kind ; namely to find two distances, a and 6, at whipli

equal effects are produced.

To test the equality of two effects with any degree

of precision, it is necessary tO' employ a "differential"

instrument of some sort ; that is, an instrument which

is constructed especially to indicate the difference

between two effects. The instrument must be so

delicate that in the absence of any indication, we

may assume that the two effects are equal. The

methods for the comparison of two sources of heat

about to be described, will be found to belong to the

general class known as " null methods "
(§ 42).

^ 110. The Differential Thermometer and the Ther-

mopile.—^I: A differential thermometer, useful for the

comparison of two sources of radiant heat, maj^ be

constructed as follows : two cylindrical metallic

/ ^^^^^^ boxes, d and e, about

10 cm. in diameter, and

1 cm. deep, are made

out of the thinnest

brass, and fastened by

a layer of wax to the

support hh. The glass

Fig. 86.
^-tiibe or gauge, fg,

contains a little colored liquid, and is attached by

rubber couplings to the boxes d and e, so that- the

system may be air-tight. The outer faces of the boxes,

d and e, are coated with lampblack, to absorb heat

;

the sides may be covered with wool to prevent loss

of heat. The two conical shields, a and c, blackened

inside, are finally added to cut off' lateral radiation.
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A veiy slight amount of heat falling on the black-

ened surface of either of the cylinders, d or e, will

cause an expansion of air within the cylinder in ques-

tion. Unless this is offset by an equal expansion of

air due to an equal amount of heat falling on the

other cylinder, the level of the liquid in the gauge

fff will be affected.

II. An instrument which may be made much more

sensitive than a differential thermometer is repre-

sented in Fig. 87, and in cFe, Fig. 88.

It consists of an alternate series of strips

of bismuth and antimon3^ joined to-

gether in a sort of zigzag. Only four

strips are shown in the figure, but a ^'**- ^^•

much greater number is generally u?ed. The com-

bination is known as a " thermopile," or " heat-bat-

tery." It is usually mounted on a support (Fig. 88),

Fig. 88.

and provided with two conical shields, a and a.

When heat falls on either set of junctions, as d,

a current of electricity is generated (see Exp. 95).

This current is measured by a galvanometer,/, the
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terminals of which are connected by wires with the

terminals of the thermopile. The deflection of the

eralvanometer needle is reversed if heat falls on

the opposite face of the thermopile, e. When equal

amount* of heat fall on both the faces, d and e, the

needle should not be deflected.

It would be out of place here to discuss the prin-

ciples which underlie the phenomena in question.

The student should for the present regard a thermo-

pile and galvanometer simply as a convenient substi-

tute for a differential thermometer and U-tube.

Fig. 89.

^ 111. Determination of Candle-Heat-Power. — A
thermopile connected with .a galvanometer, as in Fig.

88, is mounted on a fixed support (5e, Fig. 89), in

the middle of a horizontal graduated rail {gK). The

needle of the galvanometer is made to point to zero

(^ 112, 7). Two movable supports, d and /, con-

structed so as to slide along the rail, are placed one

on each side of the thermopile. A candle (a) and

a small kerosene lamp (c) are then mounted on the
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supports, d and / respectively, so that the flames

may be on a level with the thermopile (T[ 112, 5).

The supports are then to be set permanently at such

distances from the thermopile (^ 112, 2) that either

flame alone will cause a deflection of the galvanom-

eter of at least 45° (^ 112, 1), but that both together

will cause little or no deflection. The height of the

lamp-flame is then adjusted, if necessary, until ilie

deflection is reduced to zero.

The lamp and candle while still burning are next

to be weighed as accurately as possible on a pair of

open scales (Fig. 1, ^ 2), and the time of weighing

is to be noted in each ease. The lamp and candle

are then returned to their former positions on the

supports d and /, where they are allowed to burn for,

let us say, half an hour.

Meanwhile the distance of each from the nearer

fa,ce of the thermopile is accurately determined by

means of the markers (^ and A), which should be

jusjt under the centres of the flames (^ 112, 3). The

distance (cZe, Fig. 88) between the faces of the ther-

mopile must also be measured and allowed for (^ 112,

4). If the needle of the galvanometer shows any

deflection in the course of the experiment, it must be

brought back to zero by increasing or diminishing

the flame of the lamp. At the end of the half-hour,

the candle and lamp are to be re-weighed in the same

order as. before, while still burning.

The caudle and lamp are now to be replaced on

their supports (c? and / respectively), each of which

is to be set permanently at the same distance from
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the thermopile as before, but on the other side of it

(^ 112, 8). The height of the lamp-flame is to be

adjusted so as to neutralize the heat from the candle ;-

and at the end of another half-hour, the lamp, and

candle are to be re-weighed, as before, while still

burning.

Instead of a thermopile, a differential thermometer

(^ 110) may be employed, with essentially the same

precautions (see ^ 112). Instead of

the kerosene lamp, an electric incandes-

cent lamp may be used (Fig. 90). In

this case it is necessary that the zinc-

plates of the battery furnishing tfaa

electricity for the lamp should be

weighed before and after the experi-

ment. These plates should be well

amalgamated with mercury to prevent

unnecessary loss of material.

In any case the candle-heat-power of

the lamp is to be calculated and reduced to the

standard rate of consumption, as will be explained

in "^ 113.

^ 112. Precautions in the Determination of Candle-

Power. -— (1) Before attempting an accurate com-

parison of two sources either of heat or of light, it is

well to make sure that the instrument to be employed

is sufSciently sensitive (§ 42). For this purpose it is

first exposed to the radiation from the feebler source

alone. To make a comparison, for instance, accurate

within 1 per cent, the response must be 100 times

as great as the minimum perceptible. The sensi-

FiG. 90.
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tiveness of the combination should, if necessary,

be increased by bringing the source in question

closer to the instrument until a sufficient response

is obtained.

(2) It is important that one of the two sources

compared should be at a fixed distance from the

instrument throughout an experiment. When an

oil-lamp or gas-flame is one of the sources, so that

the height of the flame can be adjusted, it is well

that both sources should be fixed ; and for con-

venience in calculation, each distance may be made

equal to some round number.

(3) The distance of the sources from the instru-

ment may be most conveniently determined by means

of markers {g, h, in Fig. 89). These markers should

be in line with the centre of the source of light or

heat (as, for instance, A), not at one side of it (like g)^

The student should confirm the indications of the

markers by direct measurements. It should be re-

membered that the distances sought lie between the

centre of a flame and the surface illuminated by it.

(4) Care must be taken in measuring the distances

ad and eo to allow for thie distance de (Figs. 86 and

88) between the two surfaces illuminated. This dis-

tance should be determined by direct measurement

;

for this purpose the conical shields must of course be

removed.

(5) It is important that the rays of light or of

heat should be equally inclined with respect to the

two surfaces d and e. To help in securing this re-

sult, the surfaces should be made vertical, and the
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sources of light or heat should be raised or lowered

until they are on a level with these surfaces. Neither

angle of incidence should exceed 20°. In this case

slight differences in the angles of incidence, as in

Figs. 96 and 98, will have no perceptible effect on

the result.

(6) The conical shields a and b (Figs. 86 and 88)

will serve to cut off lateral radiation. It is, how-

ever, necessary to place large black screens behind

two sources of light which are being compared, so as

to shut out light from all other sources. A dark

room is of great service in photometry ; a room of

uniform temperature is equally important in measure-

ments of radiant heat.

(7) Before comparing two sources of heat or

light, it is well to make sure that the instrument

to be employed is not affected by radiation from the

windows or from the walls of the room (§ 32). The

liquid in a differential thermometer should stand at

the same level, for instance, in both arms of the

gauge. If it does not, the gauge should be tempo-

rarily disconnected so that the air-pressure may be

equalized. The needle of a galvanometer connected

witli a thermopile should point to zero, otherwise it

should be made to do so by twisting the thread by

which it is suspended, or by placing a magnet in its

neighborhood. If the two surfaces of a photometer

do not appear equally dark, it is necessary to make

a rearrangement of the screens, by which at least

equality of illumination may be secured.

(8) To eliminate all errors arising from unequal
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radiation from surrounding objects, and from any
inequality in tlie surfaces illuminated, two determi-

nations should always be made (see § 44). In one of

these a given surface is illuminated by the weaker

source of light or heat ; in the other, it is illuminated

by the stronger source. An error in the adjustment

of the'markers may also be eliminated in this way.

^ 113. Calculations relating to Candle-Power. —
The standard candle is defined as one, seven-eighths

of an inch in diametel? (six to the pound), burning

120 grains of spermaceti per hour. A paraffine can-

dle does not give out quite so much light as a sperm

candle under similar circumstances. It is thought

that no perceptible error will be committed by substi-

tuting for a standard candle one of parafSne burning

8 grams per hour (123J grains, nearly). An ordinary

candle may of course burn a little more or less than

the standard. Since the heat or the light is very

nearly proportional to the rate of consumption, we

find that the actual candle-power- of a paralfine can-

dle ^ is equal to one eighth the weight in grams of

the paraffine burned In one hour. This gives us the

quantity, x, in the formula of^ 109. Hence, if a

lamp at a distance h has the same effect as x standard

candles at the distance a, as regards either heat or

light, we may find the number of standard candles, y,

to which this lamp is equivalent by. the formula —

1 The heat radiated in all directions hy an ordinary candle amounts

to about 2 units per second. This is only a small part of the total
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By the " candle-power " of a lamp is ordinarily

meant the nnmber of standard candles to which it is

equivalent in respect to light (see Exp. 40). The

number of candles to which it is equivalent in respect

to the radiation of heat may be called its " candle-

heat-power." It is evident that the thermopile and

the differential thermometer, which absorb all rays

alike (whether visible or invisible), are instruments

for determining the candle-heat-power as distinguished

from the candle-light-power of any source.

It is interesting to reduce the candle-power of a

lamp to the normal rate of consumption of a candle

(8 grams per hour). We first divide the actual can-

dle-power of the lamp by the number of grams

burned in one hour to find the candle-power corres-

ponding to 1 gram per hour ; then we multiply the

result by 8. A surprising similarity exists between

the candle-powers of different materials when thus

reduced to a common standard.

EXPERIMENT XL.

PHOTOMETRY.

^ 114. Determination of Candle-Power by means of

a Photometer.— I. Bunsen's Photometeb. — A very
fair comparison of two sources of light may be made
by means of a scrap of white paper rendered trans-

quantity of heat generated by combustion, which amounts to about
20 units per second. Less than 4% of the radiant heat is visible as

light.
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lucent at the centre by a drop of oil or varnibh.

When such a scrap is held up in front of a light, the

oil-spot appears bright, as in Fig. 91; when held

behind a light, it looks dark, as in Fig. 92. If both

Fig. 91. Fig. 92.

sides of the paper are equally illuminated, the spot

may nearly or quite disappear. Usualh', however,

the oil-spot seems a little darker than the rest of the

paper. It is necessary, therefore, to look at it from

both sides. When it appears equally dark from

both points of view, we may infer that ,the two sides

of the paper are equally illuminated.

To make use of \ an oil-spot for a comparison of

two lights, the paper (J, Fig. 93) is provided with

Fig. 93.

two shields, a and c, to cut off lateral radiation, and

is mounted in the place of the thermopile (&, Fig. 89,

^ 111) between a candle, «, and a lamp, <?.
.
The

lamp-flame is adjusted as in \ 111 uhtil the paper

seems equally illuminated on both sides, 9. and e.
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The distances of the lamp and candle, and the weights

burned in one hour by each are found in the same

manner as with the thermopile.

In practice the form given to the shields is not

generally conical, as in the case of a thermopile, but

barrel-shaped (see Fig. 94). The object of this is to

,
; j^ facilitate the examination

i ^\,i'/^ of the oil-spot through

fc^i^^jx^B^^^-^aifei Such an instrument is

^^^^^^^^^^^^^ called a Bunsen's pho-

tometer.

The general precau-

tions in the use of a photometer have already been

enumerated (^ 112). Certain special precautions

will be considered in ^ 115. The results are to be

reduced as in ^ 113.

II. Rumfoed's Photometer. — If the diaphragm

and shields used in Bunsen's photometer (Fig. 93)

are removed, leaving only the rod by which they

were supported, and if a piece of paper (ac, Fig. 95)

is fastened to this rod so as to be equally inclined to

the rays falling upon it from the lamp and from the

candle (Fig. 89) ; then when the flames are placed

at such distances as to give equal amounts of light at

the point S, the shadows ah and Jc

(Fig. 95) cast by the rod sliould

be equally dark. The instrument,

thus arranged, is a form of Rumford's

photometer, depending upon the "^'
'

principle that equal illuminations cause equal shad-
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ows ; it miyht be substituted for a Bunsen's pho-

tometer fur a rough comparison of two lights.

It is obvious, however, that a slight inclination of

the paper might expose it veiy unequally to the rays

from the two sources, and thus vitiate the results.

To lessen errors from this source, both lights ^re in

practice placed on the same side of the rod, h (Fig-

96), the two shadows of which, d and e, are thrown

horizontally on the vertical surface, de. When these

shadows have been made equally dark by adjust-

ing the distances of the lamp and candle, or the

height of the lamp-flame the two lights are to each

other as the squares of the distances ae and cd.

These distances are therefore to be measured.

The student should observe that the distance of the

rod from the screen may affect the sharpness of the

shadows, but not their darkness, which depends simply

on the distance of the lights from the. screen. It is

well to have the rod close to the screen,- in order that

the two shadows may be near together, bnt not so

close that the shadows overlap. A small amount of

light from the windows need not vitiate the result,

provided that it casts no shadow on the screen. If

it does, the light must be cut off.

15
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The weights burned by the lamp and candle in

one hour are found as with a Bunsen's photometer

(I.), or with a thermopile (^ 111) ; and the results

are reduced in the same manner ( ^ 113).

III. Box Photometer.— Instead of using a rod,

as in.Rumford's photometer (Fig. 96), it is sometimes

advantageous to em-

ploy a partition (J, Fig.

97). One half (d) of

the screen, de, may

thus be illuminated by

the candle (a), and the

other half (e) by the

lamp (J). The screen

is made translucent, so that the intensities of illu-

mination may be compared with the eye behind it.

This form of 'photometer is particularly useful

when it is possible to enclose the whole apparatus in

a box. A- horizontal section of sucb a box is shown

Fig. 97.

a.

o-

Fig. 98.

in Fig. 98. The distances ad and ce are measured

directly by a metre rod.

If the angles of incidence, adh and ceb, differ by

more than 10°, it may be well to alter the screen de

slightly so that its inclination to both rays may be

the same (^ 112, 5).
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An arrangement in which the distances of the lamp

and candle are adjustable is represented in Fig. 99,

which gives a view of the

apparatus from above.

The lights are contained

each in one of the sliding

boxes, e and /. The top

of the main box is closed

as far as the ends of the

sliding boxes by a set of

covers (6, c, and d~). All

direct light is thus ex-

cluded from the photome-

ter. A cloth cover, a, may-

be thrown over the head

when it is desired to com-

pare very feeble illumina-

tions.

Box photometers may

also be constructed on

Bunsen's or on Rumford's

principle. They have the

advantage of a dark room

without its expense or in-

convenience.

The determinations of

candle-power, and the re-

duction of the results, are

made in precisely the same

manner as in II. with a Rumford's photometer,

also ^ 113.

Fig. 99.

See
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^ 115. Errors in Photometry due to Color Blind-

ness. — Light is essentially a physiological as distin-

guished from a physical quantity. There is no

standard by which we may prove that one kind of

light is more brilliant than another. A person who is

" color-blind " may consider a blue light brighter than

a red light, which to a person of " normal vision
"

may seem much the brighter of the two. All eyes

are in a certain sense color-blind, since the greater

part of the rays which fall upon them are wholly

invisible.

The modern theory of color maj' be stated briefly

as follows: There are three principal effects pro-

duced on the eye by rays of light. The first is to

excite in the retina a sensation which we call red.

This is due mostly to waves of light between 60 and

70 millionths of a centimetre in length. The second

is to excite a sensation which we call green. Nearly

all rays of light produce this effect (green) to a cer-

tain extent ; but it is caused most strongly by waves

between 50 and 60 millionths loiigv The third effect

is a sensation which we call violet, due to waves

from 40 to 50 millionths in length. When waves^

of different lengths are mixed, complex sensations

are produced. Red and green raj-s together may
produce, for instance, a sensation which we call yel-

low ; violet and green may produce blue ; red and

violet may produce purple ; while red, green, and

1 The student must distinguish carefully the effects of mixing
waves of light from the effects of mixing paints. These effects are

in a certain sense opposite.



t 115.] COLOR BLINDNESS. 229

violet rays together may cause the sensation which
we ai-e familiar with in ordinary white light. Again,

a single wave may produce two sensations : one 60

millionths of a centimetre long will, for instance,

produce the double sensation which we call yellow
;

while one 50 millionths long will appear blue. The

various hues which we find in different objects are

due to the proportions, simply, in which the sensa-

tions of red, green, and violet are excited. The eye

is capable of no fourth sensation by which the effect

can be modified. According to this theory, two lights

should be compared, (1) by means of the red rays,

(2) by means of the green rays, and (3) by means

of the violet rays which they emit.

The simplest way to compare the candle-power of

two lights with respect to red rays is to hold a piece

of ordinary " ruby glass " before the eye in observing

the brilliancy of the two surfaces illuminated. Green

and violet glasses may similarly be employed for the

green and violet rays ; but pure violet glass can

hardly be obtained. It is better to use a piece of

ordinary glass stained with violet-aniline containing

a trace of Prussian blue.

With these precautions, personal errors in photo-

metry might undoubtedly be diminished, particularly

in the comparison of lights of different hues or tints

;

but as long as the eye alone is used to compare the

brilliancy of two surfaces, it is doubtful whether the

errors of a photometric comparison can ever be

greatly reduced. The " probable error " of such a

comparison may be estimated at about 6 per cent.
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EXPERIMENT XLI.

PRINCIPAL FOCI.

^ 116. Determination of the Principal Focal Length

of a Converging Lens.— The principal focal length of

a lens may be defined (see § 103) as the -distance at

which it brings parallel rays to a focus. An ',' optical

bench," convenient for the measurement of focal

lengths, is represented in Fig. 100. It consists of

a wooden plank, set up edgewise, with three sliding

supports, d, e, and./, the positions of which are deter-

FiG. 100.

mined respectively by the markers g, h, and i. The
apparatus is in fact the same as, or similar to, one

already employed in Experiments 39 and 40 (see

Fig. 89).

(1) Ordinary Method. — To find the principal

focal length of a lens, it is mounted (see b, Fig. 100)

on one of the slides (e), directly over the marker

(A) (see ^ 112,- 8) ; and a translucent screen (e) is

attached to another slide (/) directly over the

marker (i). The third slide (d) is temporarily re-

moved, so that the rays from distant points (at the
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left of the figure) may be focussed by the lens (6) on

the screen (e). That this may be possible, the bench

should be set up in front of an open window com-

manding a distant view.^ Either houses or trees

may afford suitable images. It is assumed, however,

that the objects in question are so far off that rays

from any point in these objects may be considered

parallel. They should be at least a hundred times as

far from the lens as the lens is from the screen.

The distance between the lens and the screen is to

be adjusted so that the image thrown on the screen

may be as distinct as possible. The image may be

viewed either from in front or (since the screen is

translucent) from behind. The number of details

visible in the image is the test of its distinctness most

easily applied. When difficulty is found in the pre-

cise adjustment of distance, the screen is first brought

so .near the lens that the most minute details dis-

appear; then it is placed so far from the lens that the

same result is obtained. Midway between these two

positions is the principal focus of the lens.

The distance of the principal focus from the centre

of the lens is taken as tho measure of its principal

focal length. It is determined by observing the posi-

tions of the two markers, h and i, with respect to the

scale close behind them. If either of the markers is

out of line with the lens or screen, as the case may be,

an error will evidently be introduced into the result

1 In the absence of any suitable object, we may use a projecting

lantern, focussed so as to give parallel rays. To obtain this result,

the slide must be placed in the principal focus of the projecting lens.
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(^ 112, 3). To eliminate this error, we may inter-

change the places of the lens and screen. The whole

bench must then be turned round so that an image

may be formed by the lens on the back of the screen.

The thickness of the screen should be so small that

it need not be taken into account. If either of the

markers is out of line, the distance between the lens

and screen will apparently be increased in one case

but diminished in the other case, and by an equal

amount. The average of the two distances indicated

by the markers is, therefore, the true distance from

the centre of the lens to the screen.

If there is a second scale on the farther side of the

bench, there will be no need of turning it round.

We have only to turn round the slides e and/.

It is well to confirm the accuracy of the scale or

scales in question by a direct measurement between

the thin edge of the lens and the screen. The njea-

suring rod must be held perpendicular to the screen,

as in Fig. 100. One meiisurement should be taken

from the farther edge of the lens, another from the

nearer edge, and a third from the top of the lens. If

any marked differences are observed, the lens should

be readjusted until these differences disappear.

(2) Method op Parallax. ^-Instead of using a

screen (c, Fig. 100), we may employ a wire netting

or simply a vertical wire. If the wire coincides in

position with the image formed by the lejis,^ no

"parallax" (§ 25) will be apparent when the eye is

moved from side to side. If the wire is behind tlie

image, it will seem to follow the eye ; or if it is in
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front of it, it will always appear to move in the oppo-

site direction (see diagrams, Fig. 103, ^ 118). The
phenomena of parallax afford in fact a very delicate

test by which a wire may be placed exactly in the

image, and the position of the image thus accurately

determined. This is called focussing by the method

of parallax. The distance of the image from the lens

is found from the indications of the markers, and

confirmed by direct measurements as before (see 1).

(3) Indirect Method.— Another way of finding

the principal focus of a lens involves the use of a tele-

scope, which has

been adjusted so «^=l

that parallel rays

striking the object-
^^'^- ^'^^

glass {g. Fig. 101) are brought to a focus at a point o

where cross-hairs are placed. The first step in focus-

sing a telescope is always to make the distance of

the eye-piece (b) from the cross-hairs (c) such that the

latter may be seen as clearly as possible through the

opening a. This is done by sliding the tube d within

the tube e. Then the tube e is pushed into or drawn

out from the tube/ so that the cross-hairs may coin-

cide with the image at e. In the last adjustment,

care must be taken not to disturb the distance of the

eye-piece from the cross-hairs, unless, as sometimes

happens, the focus of the eye has changed so that

the cross-hairs are no longer visible ; in this case the

first adjustment must be repeated before the second

can be made. In some telescopes the method of

focussing by parallax (see 2) can be used, but gen-
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erally we have to depend simply on the distinctness

of the image (see 1). If the telescope is accurately

focussed, the image and the cross-hairs should both

appear distinct to the eye.

A telescope thus focussed is mounted as in Fig,

100 at any point, a, in front of a lens, b. It will prob-

ably be found that a page of fine print replacing the

screen, c, may be easily read through the combination.

The distance of the page from the lens should be

varied if necessary, so that the print may seem as

distinct as possible.

The student should note tliat, owing to the parallel-

ism of the rays from a given point in passing between

the lens and the telescope, the distance between the

lens and telescope does not affect the focus.

The principal focal length of a lens has been defined

as the distance from the lens at which parallel rays

are brought to a focus ; it might also have been de-

fined as the distance from an object at which rays

diverging from it are rendered parallel by the lens.

It is evident that the rays diverging from any point

of the printed page (c) must be rendered parallel by

the lens (6) in order to be visible in the telescope

(a) ; for this telescope has been focussed for parallel

rays, and cannot, therefore, be in focus for any others.

It follows that the distance from the lens to the

screen is equal to the principal focal length of the

lens ; the latter is, therefore, to be measured as in

the methods previously described (see 1 and 2).

(4) Color Method.— Instead of depending en-

tirely upon the distinctness with which the print can
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be read, we may observe the colors with which each

black letter seems to be surrounded. Unless the lens

is of peculiar construction, so as to focus all rays

alike, it will be found impossible to avoid this phe-

nomenon. Let us suppose that the red rays are

accurately focussed ; then the green and -violet rays

will be just out of focus, and hence somewhat scat-

tered. The spaces which would otherwise be per-

fectly black will, therefore, have a bluish tinge

(^ 115), particularly near the edges of the letters.

In the same way, if the violet rays are just in focus,

reddish or yellowish borders will encroach upon the

spaces in question. It is thus evident that the prin-

cipal focus of a lens depends upon the kind of light

employed. Green light may be taken as the stan-

dard- To focus for the green rays, the distance

of the lens from the print must be such that the

black spaces have very narrow borders of a neutral

tint ; that is, one which inclines neither to red nor

to blue.

To obtain the best results with the color-method,

a perforated metallic lamp chimney should be substi-

tuted for the page of print (see Exp. 42). The

measurements of distance are made and reduced

as in methods previously described (see 1, 2,

and 3).

The student should make at least two determina-

tions of the principal focal length of a lens,— one

by the ordinary method, the other by the indirect

method, (3). The other methods will be met in ex-

periments later on. The results of different methods
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should agree within limits -which may be attributed

to errors of observation.^

EXPERIMENT XLU.

CONJUGATE FOCI.

^ 117. Determination of Conjugate Focal Lengths

of Lenses.— A screen, c (Fig. 102), and a lens, 6, ai-e

to be mounted on movable supports, as in Exp. 41

;

but in place of the telescope (a, Fig. 100) the sup-

port, d, is to carry a lamp, a', having a metallic chim-

ney with several small holes in it. The marker, g,
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Throughout this experiment the color method of

focussing (see ^ 116, 4) is to be used.

(1) The lens is first placed in the middle of the

bench gi, with the lamp at a distance from it equal to

twice its principal focal length, determined in Experi-

ment 41. The screen is then moved until an image

of the perforations of the chimney appears upon it

;

the distance between the lamp and screen is then

measured. The lens will probably be found to be

about half-way between the lamp and screen ; if it is

not exactly in the middle, it should be placed there,

ami the focus, if necessary, readjusted by increasing

or diminishing the distance of both the lamp and the

screen b}'^ an equal amount in each case. The dis-

tance of the screen from the lamp will be about four

times the principal focal length of the lens.

(2) The lamp and screen are next separated by a

distance equal to about five times the principal focal

length of the lens ; and the lens is placed so that the

chimney may be focussed upon the screen as before.

Two positions will be found,— one nearer the lamp,

the other nearer the screen (see Fig. 102). In the

first position, the image of the chimney will be mag-

nified ; in the second it will be diminished in size

(see § 104). The second image will be the more

distinct ; the first, unless carefully searched for, may

even escape detection. The distances ab and he are

to be determined in each case.

(3) The lamp and screen are finally separated as

far as possible ; and, as before, the lens is placed so as

to throw first a magnified and second a reduced
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image of the chimney upon the screen. In both

cases, the distances ab and be are to be determined.

The distances ab and be in each of the cases (1),

(2), and (3), are called conjugate focal lengths

(§ 103). They may be determined by the readings

of the markers g, h, and i. In (1) the sum of the

distances ab and be is alone needed, and should be

confirmed by a direct measurement with a metre rod.

If the markers are found to be tolerably accurate,

the readings of the scale in (2) and (3) need not be

confirmed by direct measurement.

From the results of each adjustment, the principal

focal length of the lens is to be calculated by the for-

mula derived from that in § 103 :—

_ ab X be
^ ~ab + bo'

The results should agree with those obtained in

Experiment 41 within a limit which may be attributed

to the thichness of the lens, which has been disre-

garded in the forrnulge.

The student should notice that it is impossible to

focus the lamp upon the screen (1) when the dis-

tance ae is less than four times the principal focal

length of the lens, no matter where the lens is placed

;

(2) when the distance {ab) between the lamp and the

lens is less than its principal focal length, no matter

where the screen is placed ; and (3) when the dis-

tance (Jc) between the screen and the lens is less

than its principal focal length, no matter where the

lamp is placed.
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It should also be noticed that in (2) and in (3)
the distances ab and he, at which a magnified image
is produced, are equal respectively to the distances

be and ab, at which we obtain an image reduced in

size ; and that in every case the distance between
two perforations in the chimney is to the distance be-

tween their respective images as the distance of the

lamp from the lens is to that of the screen from the

lens (§
104).i It is hardly necessary to call atten-

tion to the fact that all the images are inverted.

EXPERIMENT XLIII.

VIRTUAL FOCI.

^ 118. Real and Virtual Foci of Mirrors.— Rays of

^ight may be brought to a focus hy a concave mirror

as by a converging lens. If in Fig. 102 (^ 117) we

substitute for the lens, b, a mirror with its concave

surface turned towards the lamp, a, and at a suffi-

cient distance from it, an inverted image of the lamp

will be formed at a point c, between a and b. This

image, which will be reduced in size, may be re-

ceived upon a screen, provided that the latter is not

so large as to cut off all light from the mirror.

Again, if the screen (c) is at a sufficient distance from

the mirror (i), a magnified image of the lamp may

be thrown upon it by placing the lamp at some point,

1 It i§ instructive to prove this by actual measurement. See Ex-

periment 38 in the Elementary Physical Experiments, publislied by

Harvard University.
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a, between J and c (as in Fig. 104), provided that

the lamp does not intercept all the rays reflected by

the mirror towards the screen. In any case the real

image (c) formed by the mirror is on the same side

of the mirror (S) as the object (a), not as in the case

of a lens, on the opposite side of it.

The distances ab and he are called, as in the case

of a lens, conjugate focal lengths. The principal

focal length of a concave mirror may be found by

determining the distance at which parallel rays (or

rays from a sufBciently distant object) are brought

to a focus, or by the formula of ^ 117, applicable to

conjugate focal lengths. These methods are particu-

larly valuable in the case of mirrors whose curvature,

cannot be determined by means of a spherometer

(Experiment 21). Evidently the focal lengths of a

mirror depend solely on its eurvatui'e. The material

of which it is composed does not, as in the case of a

lens, have to be considered.

The images thrown by a concave mirror upon a

screen are instances of real images. The image of

an object seen in a plane mirror is a typical case of a

virtual image (§ 104). If the eye is placed behind

the mirror (where the image seems to be) no light

whatever is perceived. A thermopile would feel no

heat there, nor would photographic paper be affected.

And yet, as far as points in front of the mirror are

concerned, the optical, thermal, and photographic

effects are the same as if a real object existed behind

the glass.

The simplest way to locate a virtual image is by
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the method of parallax (^ 116, 2). A short -wire is

mounted in place of the lamp («, Fig. 102) on a sup-

port, d ; a longer wire, c, is attached to the support/,

and a piece of looking-glass is placed between the

wires on a support, e, ilistead of the lens h. The
height of the wires should be such that the point of

the long wire, c, may be visible above the image of

the wire a, reflected (as in Fig,; 103) by the mirror.

As the eye is moved from the farthest left-hand point

(see 1 and 3, Fig. 103) at which both wires are

visible, to the farthest right-hand point (see 2 and

4, Fig. 103), both n and e (one being really, the

other virtually, behind the mirror) will move from

A
111

cA cA

131

M.

V.)

Fig. 103.

the left of the mirror to the right ; but the one which

is farthest off will apparently move farther than the

other (see «([ 116, 2). Thus if, as in, (1) and (2), the

point a moves completely across the mirror, while

the point c only moves part way across it, we con-

clude that a is too far from (or c too near) the mirror,

but if, as in (3) and (4), c moves whoUj' across while

a moves only part way across, we conclude that c is

too far from (or a too near) the mirror. By adjusting

the distances ah and bo until no parallax (§ S5) is

visible between a and e, the distance of the virtual

image from the mirror may be determined.

16
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It is found that the virtual iraage formed by a

plane mirror is just as far behind it as the real object

is in front of it.^ If a mirror is slightly convex or

concave, this will no longer be true. A comparison

of the two distances ab and bo will serve therefore to

detect any curvature in the surface of the miiror.

We notice that virtual images are never, like real

images, inverted. When formed by a mirror they

are always behind it. On the other hand, we shall

see that the virtual focus of a lens is always on the

same side as the object.

^ 119. Determination of Virtual Focal Lengths of

Lenses. — I. CONVERGING Lenses. — When the prin-

cipal focal length of a lens exceeds the limit of the

Fig. 104.

apparatus employed, it can be determined only by

means of virtual foci. Two wii-es, a and c, are

mounted on sliding supports, as in Fig. 104, on the

same side of the converging lens (6) so that the top

of the farther wire (c) may be visible just above the

magnified image of the nearer wire (a) seen thi-ough

the lens. The wires are then placed so that there

may be no parallax (§ 25) between them when the

eye is moved from side to side (see ^ 118, Fig. 103).

The virtual image of a then coincides with the real

1 This may he shown by a simple geometrical construction. See

Ganot's Physics, § 51.3, Deschanel, § 699.
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point, 0. The distances ab and ao are tlien meas-

ured, as in ^ 117, and the principal focal length

of the lens is calculated by the formula (see § 104),

_ ab X f>o
_

•^ bo— ab

II. Diverging Lenses. — With diverging lenses,

focal lengths can be determined only by the method

of virtual foci, since such lenses form no real images

(§ 104). The method is essentially the same as that

employed with converging lenses (see I.), except

that the wire, a, viewed through the lens, b, must be

further off than the wire, a, which is seen above or

below it. It is well to substitute a broad netting or

page of print for a, so that it may not be completely

hidden by c.

The distances, ab and bo, are to be adjusted so that

all parallax disappears between a and c ; the virtual

image of a will then coincide with a. The distances

ab and bo are to be measured, and the value of /
(which will be negative) is to be calculated by the

same formula as before. It may be noted that a

virtual image of distant objects is formed between a

diverging lens and the objects in question, and at a

distance (/) from the lens, which is sometimes called

its (virtual) principal focal length.

The student should observe that a converging lens

forms a virtual image farther off than the object

looked at, while a diverging lens forms a virtual

image nearer than the real object. Upon this fact

depends in part the magnifying power of a converg-

ing lens, and the reducing power of a diverging lens.
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The farther off an object is, the larger must it be in

order that its image may occupy a giveii space on

the retina ; hence, the farther off we think it is, the

greater will be our estimate of its dimensions.

In the arts, lenses are often numbered according to

their principal focal length. A No. 12 spectacle lens

is generally one which focusses distant objects at a

distance of 12 inches. Near-sighted or diverging

lenses are numbered on the same system. A .No. 12

near-sighted lens combined with a No. 12 magnifying

lens should form a perfectly neutral combination.

EXPERIMENT XLIV.

THE SEXTANT.

^ 120. Principle of the Sextant.— A sextant may
be constructed, as in Fig. 105, of two pieces of look-

ing-glass, ag and aj, hinged together at a with their

reflecting surfaces in-

ward. The silvering is

removed near e and near

i, so that an object in

the direction x may be

seen through the two

glasses ; but enough sil-

vering is left between I

andy to make it possible

also to see objects in the

Fig. 105. direction «/, reflected by

the mirror ag in the direction hi, then by aj in the
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direction ie. The angle, a, between the mirrors may
be measured by a graduated arc, yz.

Let us first find the relation between the angle d

through which the ray y is beilt 'and the angle a

between the mirrors. The law of the reflection of

light (§97) gives us the angles h —j and g — h: The
vertical angles e and e are equal by construction, also

g and/; hence/ = h. We have furthermore in the

triangles dbc and abh,—
a = 180° - 6 - c, (1)

a = 180° -h-i-h. (2)

Substituting equals for equals, we have,—
a = 180°-/-e, (3)

a = 180° -h-i -/. (4)

Adding (3) and (4),

2a=S60° -e-f-b-i-j;

or since b, i, and/ together equal 180°,

2rt = 180° - e -f. (5)

But from the triangle def, we have,—
d = 180° - e -/; (6)

hence, comparing (5) and (6), we find,—

d = 2a. O)

We see, therefore, that when a ray of light is

reflected by two mirrors, the angle (c?) between its

original direction (yd) and its final direction (xd) is

equal to twice the angle (a) between the mirrors.
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Now let US suppose that the plane ayz is made

vertical, and that the angle a is adjusted so that the

rays of the sun ^ from the direction y may seem, after

being twice reflected, to come from the direction x,

let us say that of the horizon ; then the altitude of

the sun is evidently 2a. The student should note

that two objects in different directions may be visible

simultaneously through a sextant. The sun may be

made to appear, in fact, as if it were actually on the

horizon.

^121. Description of an Ordinary Sextant.— We
have seen how a sextant may be constructed out

Fig. 106.

of two mirrors hinged together as in Fjg. 105. In

practice it would be necessary to remove most
of the silvering

. between / and 2, since it would
otherwise interfere with the ray yd when the

angle d is very small. In an ordinary sextant, this

1 The mirror should be smoked near /and ^r before trying this

experiment, in order that the brightness of the sun may be sufficiently

diminished.
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portion of the mirror is entirely removed. Of the

two mirrors, az and ag, there remain in fact only the

small portions, Ij and hg, represented respectively by

a and b in Fig. 106, or by ac and df in Fig. 107.

The mirror a (Fig. 106) is fixed in position, and h is

pivoted at its centre instead of an axis (as in Fig.

105) where the planes of the two mirrors intersect.^

The angle between these planes is moreover meas-

ured, not by an arc (gy, Fig. 105) included by the

angle (a), but bj' an arc g (Fig. 106) situated in

quite a different part of the instrument. On this arc

a vernier (A) connected by a movable arm with the

mirror (6) serves to indicate the angles through

which the mirror (6) is turned.

A tube or telescope, c (Fig. 106), permanently

pointed toward the fixed mirror (a) serves princi-

pally as a guide for the eye. There is also, in most

sextants, a set of dark glasses, d, which may be so

placed as to diminish the light of the sun when

looked at directly through the unsilvered part of

the fixed mirror, a ; there is also a set of dark glasses

at e (not shown in the figure) to cut off excessive

light reflected by the revolving mirror, J. A magni-

fying glass (/) is used for reading the vernier Qi).

The vernier is clamped by a thumb-screw (/), and

slow motion is produced (only when clamped) by the

tangent screw {i). There is also a screw (I) by which

' The fixed mirror, a, is called the "horizon-glass," because in

nautical observations the horizon is usually seen through it ; the

revolving mirror, 6, is called the " index-glass " because it carries the

index. See Glazebrook and Shaw's Practical Physics, § 48.
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the tube or telescope (c) may be either raised so as to

come opposite the upper portion of the mirror, a,

which is unsilvered', or lowered so as to be opposite

the silvered portion. By this means, the relative

brightness of the direct and doubly reflected images

may be varied at pleasure. The handle k is of use

especially in nautical observations.

^122. Adjustmeuts and Reading of a Sextant.

—

In order that a sextant may give accurate readings,

certain conditions must be fulfilled;

(1) The tube or telescope, e, must be parallel to

the plane of the graduated arc ; for in demonstrating

the relation between the angle (jKdy, Fig. 105)

through which a ray of light is bent and the angle

(a) between the mirrors, we have assumed that the

whole figure lies in one plane. This condition is

fulfilled if a distant object, visible through the tube

or telescope (c) in the middle of the field, appears,

when sighted, to be in the same plane as the gradu-

ated arc. If this condition is not fulfilled, the posi-

tion of the tube or telescope must be altered by an

instrument-maker, so that the line of sight may be

parallel to the plane of the graduated arc.

(2) The pivot on which the mirror (h. Pig. 106)

rotates must be perpendicular to the plane of the

graduated arc. This condition is fulfilled if the

movable arm can be turned from one end of the arc

to the other without either leaving it or binding

against it. If it is not fulfilled, the sextant should

be discarded.

(3) The revolving mirror should be perpendicular
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to the plane of the graduated arc. This condition is

fulfilled if the reflection of the arc in the mirror

seems to be a continuation of this are. If the re-

flected portion seems to slope upward or downward,

the mirror leans forward or backward. The adjust-

ment of the revolving mirror should not be attempted

by the student, but should be left to the instrument-

maker.

(4) The fixed mirror should be perpendicular to

the plane of the graduated arc. This condition is

fulfilled if, after the revolving mirror has been prop-

erly adjusted, the sextant can be set so as to give a

single image of distant objects ; for the fixed mirror

is then parallel to the revolving mirror, and hence

perpendicular to the arc. The reading of the sex-

tant when so set is called its zero-reading (see ^ 123).

If no such setting can be made, the fixed mirror

should be tipped a little forward or backward by

turning one of the screws which hold it in place.

This adjustment should be attempted only by per-

sons who have acquired some skill in the use of a

sextant.

(5) The fixed mirror should be nearly parallel to

the revolving mirror when the index attached to the

latter points to the zero of the graduated arc. This

is the case if the sextant gives only a single image of

distant objects when set as stated. If a double

image is seen, one of the two mirrors should be

rotated without disturbing the setting. ' A screw is

usually provided for rotating the fixed mirror through

a small angle. There is danger in so doing that the
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last adjustment (1) may be disturbed. If it is, it

must be repeated. The student is advised to omit

the 5th adjustment altogether, since a slight error

in it may cause a little inconvenience in allowing

for zero error, but will not affect the accuracy of

results.

(6) The arc and vernier must each be uniformly

graduated. The uniformity of the arc may be tested

(as in ^ 48 d) by means of the vernier. If the latter

subtends, for instance, 119 divisions in all parts of

the arc, these divisions must have the same length.

If the coincidences on the vernier follow in regular

succession as the tangent screw {i) is slowly revolved,

vi^e may infer uniformity both in the main scale and

in the vernier.

(7) The value of the main-scale and vernier di-

visions must be known. An accurate method of

correcting the main scale will be considered (inci-

dentally) in Experiment 45. To decide whether the

divisions, of which every tenth one is usually num-

bered, are intended to be degrees, or only half-

degrees, so as to represent the number of degrees

through which a ray of light is bent (see ^ 120, for-

mula 7), a' rough test will be sufficient. Thus if a

string reaching from the pivot to the graduated arc

also reaches from to 120 on the arc, we may infer

that the divisions are half-degrees. B3' calling them

degrees we shall avoid the labor of doubling each

reading of the sextant when measuring the angle

through which a ray is bent by reflection in the two

mirrors.
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The divisions which represent degrees are divided

in different instruments into two, three, four, six, and

even twelve parts. The number of minutes corre-

sponding to each part is easily calculated. The

vernier usually contains lines of different lengths.

There are as many of the longest lines as there are

minutes in the smallest main-scale division. These

lines are not usually, so close together as the main-

scale divisions, but by paying attention simply to the

number of the long line which coincides most nearly

with some main-scale division, we find the number of

minutes to be added to the reading of the main scale

(see § 40). Between the long lines, shorter lines are

frequently placed, to represent fractions of a minute.

Since a setting made by the eye, unaided by the

telescope, is hardly accurate to a minute,^ the stu-

dent is advised to disregard, these lines until he has

mastered the reading of the sextant to degrees and

minutes.

In angular as in linear measure, there is danger of

making a mistake of a whole main-scale division

(^ 50, II.). If the reading of the main scale is thought

to be about x°, and the vernier shows it to be a

whole number plus 1', we record this reading as

2;°!'; but if the vernier indicates a whole number

plus 59', we record the reading, not as^ 59', but

(a;— 1)° 59'.

1 A man four miles ofiFwould subtend an angle of about one minute.

A minute corresponds to a distance of less than one three-hundredth of

an inch on a piece of paper held at the ordinary distance (10 inches)

from the eye.
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The first degree-mark below zero is counted as

minus one ; the second, minus two, etc. The number

of minutes is always positive, since the vernier is

made to read this way. To avoid confusion, the

negative sign is written over the number of degrees,

which it alone affects (see ^ 50, I.). Thus, a nega-

tive angle of— 21' would be recorded 1° 39'.

^ 123. Determination of the Zero-Reading of a Sexr

tant.— After a sextant has been adjusted as accu-

rately as possible (see ^ 122), its zero-reading must

be determined. The index is first set at the zero of

the main scale (as in ^ 122, 5), the dark glasses are

pushed out of the way, and the tube or telescope (e) is

directed toward some distant object,— the smaller

and brighter the better. A star is universally con-

ceded to be the best object, but a distant electric arc-

light will do. In the day-time, a church spire or the

top of a flag-pole may answer. At sea the hori-

zon line is frequently employed ; in this case the

plane of the sextant must be vertical. The angle

between the mirrors should be so slight that the di^'

rect and doubly reflected images of the given object

may at least be included in the same field of view.

These images are then made to coincide by turning:

the tangent-screw (i, Fig. 106). Finally, the reading

of the sextant is taken. This is' called its zero-read^

ing, because it corresponds to an angle, zero, between

the direct and doubly-reflected rays.

It is easy to show that the fixed and revolving

mirrors must be parallel when these rays (t/J and xg,

Fig. 107) are parallel ; for the alternate interior
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angles b and e are equal by construction, hence their

supplements, a-\-c and c?+/must be equal. Now,
the law of the reflection of light m.

(§ ^'^) gives a^c, and d=f; ..-
*^

hence, a being half of a+ c must be vi*' .—-,

equal to ci, which is half of d -\-f.
^

Since c and d are alternate interior
^°'

angles formed by the intersection of Se with the

mirrors ao and d/,. these mirrors must be parallel.

Conversely, if the mirrors are parallel, the direct and

doubly-reflected rays must be parallel.

In order that the rays yb and xff may be sensibly

parallel, let us say within one minute (1') of angle,

the object from which they come must be 3,438 times

as far off from the sextant as these rays are from

each other. Since the perpendicular distance, bff, is

generally less than a twelfth of a metre, it may be

safe to employ any object more than 800 metres off

for the determination of the zero-reading of a sextant

with the unaided eye. To obtain results accurate

to half a minute, the minimum distance must be

doubled ; for accuracy within 10" of angle the object

should be at least 1,800 metres, or more than a mile

away. For such results, a telescope (c. Fig. 106)

must be employed.

^ 124. Determination of Small Angular Magnitudes

by means of a Sextant. — I. A sextant is to be set at

or near its zero-i'eading ; then turned so that the

telescope (c, Fig. 106) may point directly toward' the

sun. The sextant is to be held so that its graduated

arc may be in a vertical plane, below the revolving
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mirror (6). A sufficient number of dark glasses

must be interposed in the paths of both the direct

and the reflected rays. It is well to select these

glasses so that the two images of

the sun may differ in color, and

thus be easily distinguished. The

tangent screw (i, Pig. 106) is to

be turned until the doubly-re-

flected image (R. I., Fig. 108)

appears to be tangent to the di-

' rect image (D. I.) and below it, as

in (1). The vernier is then read. Next, by turning

the tangent screw the other way, the reflected image

(R. I.) is made to move completely through the di-

rect image, until it is tangent to, and above it, as in

(2). The vernier is again read.

The first reading should be positive, the second

negative. The average of the two should be found

and compared with the zero-reading previously de-

termined, with which it should agree. If the differ-

ence exceeds 1', the measurements in "[[^ 123 and 124

should be repeated.

The second reading is now to be subtracted (alge-

braically) from the first. The difference, divided by

2, is evidently the angular diameter of the sun. The

semi-diameter, which is quoted in all nautical alma-

nacs, varies from month to month, according to the

earth's distance from the sun. Its mean value is not

far from 16'.

II. The sextant may also be used for the determi-

nation of the angular diameter of small terrestrial
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objects. The plane of the graduated arc must be

held in all cases so as to be parallel to the diameter

which it is desired to measure. The object should

be so small that a negative ^ as well as a positive

reading may be obtained, as in the case of the sun.

The average of the two readings should agree with a

zero-reading obtained from the same object, or from

one at an equal distance. The difference between

the two readings is not affected by parallax, since the

error in both readings is the same. This difference,

divided by 2, is therefore the angular diameter of the

object in question as seen from the pivot of the re-

volving mirror. The position of this pivot should be

noted, or the results will have no meaning. It is

well for the student to measure either the actual di-

ameter or the distance of the object in. question, still

better, both of these quantities ; for though either

may be calculated from the other, the two together

.give him the means of testing his inferences as to the

manner in which his sextant should be read and an

opportunity of confirming his results.

EXPERIMENT XLV.

PRISM ANGLES.

*[[ 125. Determination of the Angles of a Prism.— I. A
small prism (^abc, Fig. 109) is fastened to the revolv-

1 A sextant should be capable of giving negative readings down to

3, 4, or even 5 degrees.
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ing mirror (6c) of a sextant with its axis parallel, as

nearly as possible, to that about which the mirror

turns.^ The mirror is then

rotated so that the direct

image of a distant object,

seen in the direction ed.

¥ ~"y

Fig. 109.

~T may coincide with the im-

age of the same object re-

flected first by the face of

the prism (ae) then by the fixed mirror (c?/). If the

two images cannot be made to coincide, the face ac

is probably not parallel to the axis of the mirror, and

must be made so by tilting the prism either from b to

e, or from c to b, without separating the two faces, be,

of the prism and of the mirror. When parallelism is

established, an exact coincidence of the images may

be brought about. A reading of the sextant is then

made. This serves to determine the prism angle o.

In the same way the other two angles are deter-

mined.2

Subtracting from each reading of the sextant its

zero-reading, determined as in ^ 123, we have the

indicated value of the angle corresponding to e (or

acb') in the figure ; for it is evident that the mirror cb

in rotating from its zero position, ca, to the position

1 The plane of the fane, ac, should strictly pass through the axis

of the mirror, to avoid errors of parallax. In practice, however, it is

more convenient to mount the prism as in Fig. 109.

^ To measure the three angles of a prism, one of which must be

at least 60°, a sextant reading to 120° will be required. " Octants
"

are sometimes graduated to 120°; but do not read generally to more

than 100°, on account of the space occupied by the vernier.



T 126.J REFRACTION OP LIGHT. 257

cb, turns through the angle ach. What we want,

however, is the actual value of this angle, not the

deviation of a ray of light stiiking the levolving mir-

ror, which plays no part in the measurement. If,

therefore, the sextant is found, as in H 122, 7, to be

graduated in half-degrees, half-minutes, etc., the in-

dicated value of the angle must be halved in order

to find the real value of acb.

The sum of the three prism angles should be 180°.

A discrepancy of one or two minutes may be attrib-

uted (1) to errors of observation, (2) to pyramidal

convergence of the sides of the piism, and (3) to

errors in the adjustment or graduation of the sextant.

If the measurements are several minutes in erroi'.

they should be repeated. If the same result is ob-

tained, the parallelism of the prism faces should next

be tested with a three-pointed caliper. With a per-

fect equilateral prism, we have evidently the means

of detecting any error in the location of the 60° mark

(or that numbered 120°).

II. Instead of a sextant, a spectrometer may be

used, as will be explained in ^ 126.

EXPERIMENT XLVI.

ANGLES OP REPEACTION.

^ 126. The Spectrometer.—A spectrometer consists

essentially of two telescopes (ab and fa, Fig. 110)

capable of revolving about the centre of a graduated

17



258 THE SPECTROMETER. [Exp. 46

circle (cde). The eyepiece of the first telescope

is generally removed, and a

narrow slit (a, Fig. 110) is

usually substituted for the

crosshairs (e, Fig. 101,^116^,

Em. 110. :- Xbis slit ia always, at right-

angles with the graduated circle, and at a distance

from the lens, 6, equal to its principal focal length

;

so that the rays from it may be rendered parallel by

this lens (see ^ 116, 3), The combination («5) is

called the " collimator " of the spectrometer. The

telescope/^ is focussed for parallel rays (^ 116, 3),, a^d

carries an index with a vernier, by which its position

on the graduated circle may be accurately determined.

A zero-reading can be found by pointing the tele-

scope toward the collimator as in Fig.. 110, and ad-

justing it so that the image of the slit, a,, may be

visible in the centre of the field of view, which is

determined by the intersection of cross^hairs-

Let us now suppose that it is desired to measure

the angles of a prism. The latter is mounted as in

Fig. Ill (jide), so that the face

ce may reflect part of the light

from ah in the direction fg, and

so that at the same time the face

ed may reflect light in the di-

rection f'g'. The telescope is

then set so as to receive first one,

then the other of the images, of the

slit, thus formed, in the middle of its field of view,

and. in each case a reading of the vernier is made.

Fig. 111.
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Let us suppose that the collimator is perma-
nently set at 0° (or 360°) of the circle ; that fg is at

of a.ndfg' at z/" of the circle. A radius of the circle

perpendicular to ce would halve the angle x, on ac-

count of the law of reflection (§ 97) ; and hence

would meet the circle at a point | x°. In the same

way a radius perpendicular to od would meet the

circle half-way between y° and 360° ; or at ^ 2^° +
180°

; hence if prolonged backward it would meet the

circle at | y°. Now, the angle- between two surfaces

may be measuTed by the angle between two lines

perpendicular to them ; hence the difference be-

tween I x° and I y° measures the prism angle dee.

In other words, the angle between two faces of a

prism is equal to half the angle between the two

directions in which they reflect parallel rays of light.

(Compare ^ 120, 7.)

The most important adjustments of a'spectroraeter

are the accurate levelling and focussing of the tele-

scope and collimator for parallel rays (see ^ 116, 3)-.

The faces of the prism must be made perpendicular

to the plane of the graduated circle as in ^ 125. An
instrument especially adapted to measure the angle

between two reflecting surfaces is sometimes called

a goniometer. "

^ 127. Determination of Angles

of Refraction.— I. The telescope

Cfff^, and collimator (a5) of a

spectrometer are slightly inclined
"*"

as in Pig. 112, so that a spectrum (^ 128) of the slit,

a, may be formed in the telescope by a prism dee.
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the angles of which have been determined (^"[f 125,

and 126). The angle c, causing the refraction, should

be placed symmetrically with respect to the telescope

and collimator. If doe is an equilateral prism, an
image of the slit may also be formed in the telescope

by reflection from the face de. It is found that when
the faces cd and ee are as stated equally inclined to

the rays ab and fg, the angle between these rays

reaches a minimum.

To make sure that this position has been approxi-

mately found, the prism should be rotated a little.

The violet of the spectrum should be replaced by
blue, green, yellow, and red, until finally the spec-

trum disappears altogether. It should make no dif-

ference whether the prism is turned to the right or to

the left. If the spectrum moves in opposite directions

when the prism is turned in opposite directions, the

desired position has not been found. In this case

the rotation should be continued in one dii-ection or

the other until the spectrum seems to come to a

standstill. The prism is tlien very nearly in its " po-

sition of minimum deviation."

The slit should now be illuminated with light from

a sodium flame, ^ the reflfipted image if necessary cut

off, and the telescope I'oughly set on the yellow re-

fracted image of the slit. Then the prism is turned

slightly so that this image may move as far as possible

towards the red (or less refrangible) end of the spec-

trum. The telescope is again set on the yellow image

1 A common Bunsen burner beneatli a netting of fine iron wire

sprinkled with nitrate of soda furnishes an excellent " sodium flame."
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more carefully thaii before, and the prism turned first

to the right, then to the left, so as to find if possible

a position in which the yellow image is even less

refracted than before. Thus by successive approxi-

mations, the telescope may finally be set upon an

image of the slit formed by the prism in its position

of minimum deviation.

Subtracting the zero-reading (•[[ 126) of the tele-

scope from its reading when set upon the refracted

image, we have finally the angle of minimum devia-

tion in question ; that is, the least angle through

which sodium light may be bent in passing through

the prism angle, dee, in the figure.

The relation between angles of refraction and in-

dices of refraction is considered in § 102.

In repeating the experiment, the prism should be

rotated through 180°, so that the rays would be bent

upward instead of downward as in the figure. If the

position of the collimator is unchanged, any error

in the zero-reading may be eliminated "(see § 44) by

ave.raging the result with that previously obtained.

II. Instead of the spectrometer a sextant may be

employed for the determina-

tion of angles of refraction. —
a.<^^|

The prism is to be mounted v^M
as in Fig. 113, so that a ray ,-•''

of light from a distant point \-x. ./.C7 7

may be refracted by the
•^ ;

,
Fig. 113.

prism angle c, previously de-

termined (^ 125), then reflected by the revolving mirror

d, and by the fixed mirror e into the telescope,/, where
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it is made to coincide with the direct ray, e/, iiom the

same object. To obtain accurate results, monochro-

matic light should be employed ; but a mean index of

refraction may be found by making the direct image of

a flame coincide with the yellow or green of its spec-

trum (§ 128). The prism must be placed by trial in

the position of minimum deviation as with the spec-

trometer. The angle of deviation, being twice the

angle between the mirrors, is indicated du'ectly by

the reading of tlie sextant, after the zero-reading

has been subtracted.

The use of the sextant for the determination of

angles of refraction is recommended only to those

who have some skill in physical manipulation. For

this reason a detailed description of the experiment

has not been given.

^ 128. Spectra formed by the Dispersion of Light.

— Tiie rays of light from a sodium flame, when bent

(as in ^ 127) by a prism, produce, with ordinary ap-

paratus, a single yellow image of the flame. A flame

colored with lithium gives similarly a red image, and

one colored with thallium a green image. These

images are not, however, in the same direction from

the observer, owing to the fact that rays of different

hues are unequally bent by a prism. Indeed, if a

flame be colored by a mixture containing certain pro-

portions of lithium, sodium, and thallium, three images

of the flame— one red, one yellow, and one green—
may be seen side by side, distinctly separated by

dark spaces between them. Many substances, even

when chemically pure, cause under the same circum-
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stances several distinct images of a flame to be pro-

duced. Each of these images differs in hue from the

rest. The images may be more or less bright and

more or less widely separated. Together they con-

stitute what is called the spectrum of the substance

producing them. When, as in a common gas-flamet

light of every hue is represented, an indefinite num-

ber of images are formed, and these necessarily over-

lap one another. The result is called a continuous

spectrum.

An instrument intended simply to examine spectra

with a view to observing the number of images pres-

ent, is called a spectroscope. An instrument like

that described in % 126, especially adapted to the

determination of angles of refraction, through set-

tings made upon the differently colored images in a

spectrum^ is properly called a spectrometer.

Those substances ,which bend light the most usu-

ally produce the greatest separation or " dispersion
"

of rays of different colors. There is, however, no

definite proportion between the effects of refraction

and dispersion. Thus an equilateral prism of crown

glass which bends rays of light about 40°, separates

the extreme red and violet rays by about 4°
; while a

prism of flint glass, producing nearly double the dis-

persion, bends rays less than 50°.

To determine the dispersive power of a given sub-

stance, two indices of refraction are generally found

(see § 102), one with red light, the other with violet

light. The red light selected is of a peculiar wave-

length (§ 98), namely, .00007604 cm., being that which
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causes the line A in the solar spectrum. The violet

light has similarly a wave-length .00003933 cjw., cor-

responding to the line H^ of the solar spectrum.

The difference between the indices of refraction of a

given substance for these two rays is sometimes

called the " index of dispersion " of the substance in

Question.

EXPERIMENT XLVII.

WAVE-LENGTHS.

IT 129. Theory of the Diffraction Grating.— When a

distant candle is looked at through a linen handker-

chief, or through any fine network, several images of

the candle are usually

seen (Fig. 114). These

are not, however, as one

is at first apt to suppose,

simply so many views of

the candle thiough the

meshes of the handker-

chief; for each image rep-

resents the whole candle,

and the distance between

the images is not only

disproportionate to the size of the meshes, but actu-

ally increases as the meshes become smaller. It is,

moreover, unaffected by the distance of the handker-

chief from the eye. The phenomenon is an example

of diffraction (§§ 100, 101), and depends upon a re-
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latiou betwecQ the length of the waves of light and

the distance between the threads.

The central image (a, Fig. 114) is the direct image

of the candle. It may be distinguished from the

side images, a' and a", for instance, botb by its

greater distinctness and by the absence of color.

Fig. 115.

The side images will be found tinged with blue on

the side toward a, and with red on the outer side.

This is due to the fact that different colors are un-

equally bent by diffraction. Each of the side images

is in fact a " spectrum " of the candle. It is inter-

esting to place two candles at points corresponding

to a and I (Fig. 115) at such a distance that when

the candles are viewed through a network de, the

side image at the right of a may coalesce with the

side image at the left of 5, so as to form a single

image at the point c similar to that represented in
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Fig. 116. If o'is one of the threads, d and e the spaces

between it and the two parallel threads on either side

of it, then drawing ad, ao, ae, cd, co, ce, etc, also df

perpendicular to ao, we have (since ao practically bi-

sects the angle a) ad = af. The path ae is accord-

ingly longer than ad by the distance ef, which must

therefore be the length of a wave of light (§ 101),

since the rays do not interfere. Now, by similar

triangles, we bave,

ef : de : : ac : ao ; I.

hence, if we know the distance, -de, between the

threads, the distance, ao, between the handkerchief

and one of the candles, and the distance, ah, between

the candles, so that by halving the latter the dis-

tance of the side image (ac) may be found, we may

calculate the average length (V) of a wave of light

by the formula,

de X ac
t — ' XLt

ao

The student may himself estimate wave-lengths in

this way. For a human eye in its normal condition

(see IT 115) the average wave-length in a candle-flame

has been found to be about 60 millionths of a cen-

timetre. We may make use of this fact to estimate

the distance (t?) between the threads. of the hand-

kerchief by the formula derived from I.,

i= .00006x-- III.
ac

The angle aoc is called the angle of diffraction

The ratio ac : ao is by definition the sine of this angle ;
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henoe if the augie be measured, the ratio can be

found from Table 3.

^ 130. Determinatioii of Angles of Diffraction.—
An ordinary diffraction grating (see § 101) consists

of a set of parallel and equidistant lines ruled or

photographed on glass (Fig. 117). A candle-flame

viewed through such a grating

gives several images, as in the

case of a netting (Fig. 114) ; but

these images are all in a single

row (Fig. 116). The relation

between the wave-length, dis-

tance between lines, and angle

of diffraction is the same as in _, ^j„

the case of a netting (^ 129).

The angle of diffraction may be determined either

by a sextant (^ 124), or by a spectrometer (^ 126),

In any case tlie lines of the grating must be per-

pendicular to the graduated arc or circle by which

this angle is to be deteimined.

I. A coarse diffraction grating, containing from

10 to 20 lines to the millimetre, is to be mounted

directly in front of the tube or^telescope of a sextant

(c, Fig. 106, ^ 121), which is then to be pointed

fit a distant sodium flame (^ 127). When the

fixed and revolving mirrors are nearly parallel, it

should be possible to see the flame (either directly

or by double reflection) with at least two images

due to diffraction, one on each side of it (see da".

Fig. 114). The experiment consists in measuring

the angular distance between the two side images
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next the flame, by the method already explained

in T[ 124.

Let a and h (Fig. 116) represent the direct and

doubly reflected images of the flame. The revolving

mirror is first set so that the side image at the left of

h coalesces with the side image at the right of a, to

form a compound image, c, as in the figure. Then

the image (J") at the right of h is made in the same

way to coalesce with the side image (a') at the left

of a. The two readings ai'e then subtracted algebra^

ically, one from the other, and the result is divided

by 2 (as in ^ 124), to find the angle subtended by the

side images (a' and a", Fig. 114). This angle must

again be divided by 2 to find the angular distance of

either of the side images from the flame. This an-

gular distance evidently corresponds to the angle aoe

(Fig. 115), and is, accordingly, the angle (a) of dif-

fraction in question.

Since the wave-length of sodium light is .0000589,

we have, substituting this value in formula III.,^ 129,

for the distance (c?) between two lines of the grating.

d = .0000589 I.

stn a

A grating, thus tested, serves

as a convenient scale by which

the diameters of small objects

may be determined. Such a

Fig. 118.
^^.^-^^ jg interesting, because it

represents the nearest approach to an absolute stand-

ard of length (see § 5).
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II. Instead of a sextant, a spectrometer may be em-

ployed to measure angles of diffraction. If the grating

is mounted in the centre of the graduated circle (Fig.

118), so as to be perpendicular to the collimator, ah,

the reading of the telescope, j^, when set upon one

of the side images, will determine the angle of dif-

fraction in question. It is not very easy, however,

to make the grating accurately perpendicular to the

collimator, and the slightest deviation affects the

angle of diffraction. A grating, like a prism (see

^ 127) is found to have a position of minimum devi-

ation, when it is equally inclined to the direct and

diffracted rays (see de. Fig. 118). This position may

be found by trial in the same way as witli a prism.

When the method of minimum deviation is em-

ployed, the formulae of ^ 129 must be somewhat

modified.^

The wave-lengths contained in Table 41 were

determined by a method essentially the same as the

one here given.

1 In Fig. 115 each ray is supposed to lose one wave-length with

respect to the next before reaching the grating. If, however, the

grating is equally inclined to the incident and diffracted ray, the

loss must be half a wave-length before, and half a wave-length after

reaching the grating; that is, e/== -J /. The angle aoc will represent

also lialf the total angle of diffraction ; or aoc— \a. If d is the dis-

tance de between the lines, we have, substituting sin | o = sin aoc for

ac -^ ao (see 1 129), and multiplying by 2,

1= 2 d sin i a.
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EXPERIMENT LXVIII.

INTERFEUENCB OF SOUND.

IF l^l- Bet^minatiiaii of th.e 'Wave-Leugth' of a Tun-

ing-Pork by the Method of Interference. — I, The two

ends of a thick-sided rubber tube, about half a metre

long, and with an internal diameter of

at least 5 mm., are joined together, as

in Fig. 119, by a Y-joint, and a tube

connected with the stem of the Y is

held to the ear. A tuning-fork making

from 400 to 600 vibrations per second

(as for instance a "violin A-fork" or a

" C-fork " just above it) is then touched

lightly to the tube at different points, as

"*
in the figure. The note emitted will

generally be plainly heard ; but two or more points

will be found at which the sound is nearly extin-

guished. These points are to be marked with ink

on the rubber tube. Then the tube is to be discon-

nected from the Y-joint, straightened out,, but not

stretched, and the distance between adjacent marks

carefully determined by a metre rod.

The extinction of the sound is due to the inter-

ference of vibrations reaching the Y-joint by the two

different channels (§ 100), which differ either by

half a wave-length, or by some odd multiple of half

a wave-length. It follows that two adjacent points,
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II N

r\

a and b (Fig. 119), where the sound readies a mini-

mum, must be half a wave-length apart. To find

the length of a waye of sound created in the

tube by the vibration of the tuning-fork in question,

we have therefore only to multiply the distance ab

by 2.

Wave-lengths depend more or less upon the tem-

perature of the air in the tube, which should there-

fore be noted. They are generally less in small tubes

than in the open air, particularly if the sides of the

tube be yielding. The interference is never complete,

because the wave which travels the

longer distance becomes weaker than

the other, and hence cannot wholly

destroy it. The points where the sound

reaches a minimum may often be lo-

cated more exactly when a fork is vi-

brating feebly than when it is sounding

loudly.

II. In place of a rubber tube, we

may employ a pair of telescoping tJ-

tubes (Fig. 120), forming a closed cir-

cuit. Near the junctions two openings

are made. One of these is connected

with the ear, the other receives vibrations propagated

from a tuning-fork through the air. The two chan-

nels by which the sound reaches the ear may he made

unequal in length by drawing out the tusbes. The

difference between them, may be measured by gradu-

ations on the inner tube, or in any other obvious

EiG. 120.

manner.
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The smallest difference between the two channels

which can produce interference is half a wave-lengtli

;

hence, we multiply it by 2 to find the

wave-length in question.

' From the wave-length of a fork in

air, we may calculate roughly its rate

of vibration (^ 134, formula II.).

EXPERIMENT XLIX.

EESONANCE.

^ 132. Determination of Wave-Lengths

by the Method of Resonance.—A me-

tallic tube or " resonator" 1^ metres

long and 10 cm. in diameter (e, Fig. 121)

is filled with water ; then a tuning-fork,

making from 200 to 300 vibrations

per second, is held near the mouth of

the tube, while the water escapes by

the spout, e. When the water falls to

a certain level, the note emitted by
' the fork, instead of dying away, will

suddenly swell out. The flow of water

Fig. 121. is then checked. Water from the

faucet is now admitted to the resona-

tor by the spout e, and again allowed to escape, with

a view to finding at what level it gives the maximum

resonance. The variation in the loudness should

be observed both when the water is rising and when

it is falling. By alternately increasing and diminish-
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ing the quantity of water in the tube, the desired

level may be located within a millimetre. This level

is then read by the gauge ab, consisting of a milli-

metre scale, b, and a glass tube, a, connected by a

rubber tube (c?) with the resonator.

The fork is now kept in vibration while the level

of the water is allowed to fall to a much greater depth

than before. A second point of resonance is thus lo-

cated in the same way as the first. The temperature

of the air within the tube should be carefully noted.

The distance between the two points of maximum
resonance is found by subtracting one scale-reading

from the other. This distance is (see § 99) exactly

half a wave-length, and hence must be multiplied by

2 to find the wave-length of the fork.

The rate of vibration of the fork may now be cal--

culated approximately, as will be explained in ^ 134,

by formula II. of that section. -
'

EXPERIMENT L.

MUSICAL INTERVALS.

TT 133. Determination of Musical Intervals. — I.'

Method of Interference.— The wave-lengths of

two forks are to be determined as in Experiment 48,

taking care that the temperature of the air is the

same in both cases, and the musical interval between

the forks is to be calculated as in ^ 134, III. - '

II. Method of Resonance. — Instead of using-

the method of interference, we may determine the

18
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wave-lengths of two forks by tke method of reso-

nance, as in Experiment 49, with care ^s before to

avoid changes of temperature. The musical in.terval

should be calculated in the same way (^ 1,34, III.).

III. Pythagoeean Method. — An instrument

which will be found convenient for the determination

of musical intervals is represented, in Fig. 122. It. is

Fie, 122.

called the " monochorcl," and is attributed t.p,Py,thag-

oras. In modern instruments, it consists of a- stieel

wiTe,fbcdeff, fastened to, a board at
ff,

then passing

over two " bridges " (or triangular supports, e and J)

round a pulley (/) to a weight (A) by which it is

kept stretched with a constant force. The positions

of the bridges are determined by a graduated scale.

The wire (he) is set in vibration by a bow (ai), and

the distance between the bridges, (6 and e) is varied

until the note emitted by the wire is in unison with

one of the forks. The distance (Je) is then adjusted

so as to produce unison with the other fork. From
the two distances in question, the interval between

the forks is to be calculated as in ^ 134 (For-

mula III.).

Determinations with a monochord should be at-
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tempted only by stmdents having a more or less

musical ear. The exact adjustment of two notes

in unison may be inferred from the cessation of

"beaits" (Exp. 53).

IV. Harmonic Method. When the musical inter-

val between two forks has been determined by any

of the preceding methods, or simply recognized bj-

the ear, the exactness of the interval in question may

be tested as follows :• The bridges J aud e (Fig. 122)

are first placed at a distance which is the least nom-

mon multiple of the two distances giving unison \Aith

the two forks. By touching the string lightly with a

feather (c, Fig. 122) at certain points, it may be

made to vibrate in segments as in the figure. The

number of segments is first made such that the string

is nearly in unison with one of the two forks, and the

distance (,<;Ze),ad|ustied;Lf necessary so that the unison

way be perfect. If the wire can be made to divide

in such, a :ma,i;iner as to sound in unison with the

other fork, there must be an exact musical interval

between the forks. If, on the other hand, beats are

heaid, the interval is probably inexact, and by an

amount which may be estimated from the frequency

of the beats (Exp. 53).

For the practical application of this method, the

monochord should be capable of giving a very low

note, at least two octaves (^ 134) below the lower

fork ; hence the tension of the w;ire must not be too

great. The lowest note which a. string can give out

under given circumstances is called its "fundamen-

tal tone," The other tones are caused by its division
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into segments, separated by still points or " nodes."

These tones are called the "harmonics" of the string.

The musical interval between any two harmonics

may be calculated from the number of vibrating

segments (see ^ 134, IV.), which must therefore be

noted in each case.

^ 134. Theory of Musical Intervals.— If a tuning-

fork gives out n waves each I centimetres long in one

second, then the furthest wave must be nl centi-

metres off from the fork at the end of that space

of time; and since it travels nl cm. in 1 sec, the

velocity of sound must be nl em. per sec. The fun-

damental equation connecting the number (n) of

vibrations per second, the wave-length (Z), and the

velocity of sound (w) is, therefore,

—

V = nl. I.

The velocity of sound in air of any temperature

may be found from Table 15 B. If the humidity is

unknown, a mean value (60 per cent) may be as-

sumed ; then if the wave-length of a given fork is /,

we have,—
^ TTn =
J.

II.

When two forks give n' and n" vibrations per sec-

ond, with wave-lengths respectively of I' and I"

centimetres, we have from II.,

—

n' =:V^ I', (1)

and n" = v^l"i (2)

hence, dividing (1) by (2),

n' : n" :: I" : l>. III.
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The ratio of the rates of vibration is called the

musical interval between the forks, and is accordingly

in the inverse ratio of their wave-lengths.

Formula III. is applicable to a wire as well as to a

tube. When a wire of the length be divides into N
segments, the length of each must be be ^ iV; we
have accordingly for the lengths Z' and l" of the seg-

ments formed by the division of the wire (be) into

N' and N" parts, respectively, ^^

V^be^NJ, (3).

ill- = be -^ JSf"

;

(4)

hence, dividing (4) by (3),

V : V . : N' : JV", (5)

"which, substituted in III., gives

n' : n" : : W : W". IV.

This shows that the rates of vibration of different

harmonics are proportional to the number of vibrating

segments in the wire.

It has been stated that the ratio between two rates

of vibration, n' and n", determines the interval be-

tween the two notes to which they correspond. The

ordinary musical scale consists of a series of notes

whose rates of vibration, whether high or low, are

alwa3''S relatively proportional to the following num-

bers set beneath their names :
—

DO
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fourth, a " fourth," ete. The first two are said to be

one tone apart; the last two, one semitone apart.

The most common mmsical intervals may be arranged

as follows, according to the simplicitj' of the ratios

which they involve when reduced to theif lowest

terms ^^

Name.



PHYSICAL MEASUREMENT.

^art ^econti.

MEASUREMENTS IN SOUND, DYNAMICS,
MAGNETISM, AND ELEOTRIOITY.

SOUND - Continued.

EXPERIMENT LI.

VELOCITY OF SOUND.

Tf 135. Determination of the Velocity of Sound.—
(1) Two data are required for the determination of

the velocity with which sound passes from one point

to anotlier: 1st, the distance between two stations

(see ^ 136) ; and 2d, the time occupied in traversing

this distance (see ^ 187). To make use of the results,

the temperature of the air must be found at various

points between the two stations (see Part I. ^ 15) ;

and if precision is required, the humidity of the air

should also be determined.^ The velocity of sound

is not affected by baro.metric pressure.

1 At ordinary summer temperatures (20° to 30°) the effect of hu-

midity upon the velocity of sound njay amount to one half of 1 %.

See Table 15, B.
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(2) If the path traversed by the sound is at right-

angles with the direction of the wind, the velocity of

sound will not be perceptibly affected by any ordi-

nary atmospheric disturbance. It is, however, in-

creased by the velocity of the wind when the two

move in the same direction, or diminished by the

same amount when they move in opposite directions.^

When the directions are oblique, the velocity of sound

is always more or less affected. It is therefore best

to arrange an experiment so as to find the time oc-

cupied by sound in traversing a given distance first

in one, then in the opposite -direction. In this case,

if the velocity of the wind is small and tolerably

constant, the average result will not be perceptibly

affected by it.

(3) Two or more determinations of the velocity

of sound should be made between stations at differ-

ent distances. Any constant error in the estimation

either of distance or of time will be shown by a disa-

greement of the several results. The true velocity

of sound is to be calculated in such a case from the

difference in time required to traverse two given dis-

tances (see formula II. below).

(4) Let d be the distance traversed by sound in

the time t ; then the velocitj'^ of sound, v, is to be cal-

culated by the equation

d ,v=— I.
t

1 A velocity of the wind amounting to 10 metres per second, or

about 22 miles per hour, would affect the velocity of sound by about

3%.
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Distinguishing by subscript numerals 1 and 2 the
results in the two cases, we should have

t~ T'

hence, zi= ^.

Subtracting 1 from both sides of the equation we
have

^1 1 — ^1 1 .

d. V '

or, reducing to a common denominator,

d, t, '

whence ^ ^^— ^^.

Finally, substituting equals for equals, we find

By the use of this formula, constant errors (§ 24)

are eliminated.

^ 136. Measurement of Long Distances. — The
measurement of long terrestrial distances is in general

a problem for which the student must be referred to

works on surveying. No particular difficulty will,

however, be found in measuring approximately a dis-

tance along a moderately straight path ; for even

variations as great as 8° (nearly 1 foot in 7), either in

the direction or in the slope of the path, will in-

troduce an error of less than one per cent in the

result.
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- Distances may also be determined indirectly hy

means of a sextaiut. To measure adistaneg,.far ex-

ample, across a valley, from an observing station. A,

(Fig. 123) to an object £,swe place (or select) an ob-

ject C, so that the lines joining B with A and with

Fig. 123.

may be approximately at right-angles. The distance

BO is then measured directly, and the angle CAB
is determined from the observing station. Since (by

definition)

BC-^AB= tangent CAB,

we have AB= J—ft-
tan CAB

To obtain with an ordinary sextant (see ^ 124) re-

sults accurate within 1 per cent, the distahce BC
actually measured should be at least a hundredth

part as great as the distance AB to be determined.

In regard to the direction of C from B, great accu-

racy is not reoLuired. If the. coxner of a square be

Tia. 124.

placed at B (Fig. 124) with one side directed to-

wards A, any object, C, nearly in range with the other

side of the square, will answer for Our purpose. Aii

error of 8° in the angle ABC will introduce an

error of only 1 % in the result. The object C may
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he on a level with B or above it, as may be more

conyeajient. The distanoe BC and the angle CAB
must be accuiutely measured.

In one part of the experiment the distance AB
should be as great as possible considering the sface

at the disposition of the observer, and the distance

through which the signals at his command can be

seen or heard. If the method of difference is to he

employed C^ 135, 3), it is ueeessairy, in a second part

of the experiment,, to make use of a much shorter

distance,. The second distance should be in no case

greater than half of the first, and always as small as

is consistent with the accurate deterradnation of the

time occupied by sound in traversing it. When the

time is to be found by an ordinary watch (^ 137, 1.),

the smaller distance should be several hundred, the

greater several thousand metres. In the pendulum

m&thod (^ 137, IV.), distances of 300, 600, and 900

metres may conveniently be employed. When sound

signals are to be sent ba«k and forth between two

stations (^ 137, IIL),, the mimmum distance may be

reduced to about 150 metres. The velocity of sound

has been determined by the use of eclioes (^ 137, II.)

between the Jefferson Physical Labora»tory and the

Lawrence Scientific School, the walls of which are

about 80 metres apart. Long corridors, tunnels, and

conduits of various sorts frequently give rise to

echoes suitable for the determination of the velocity

of sound.

It must be remembered that in the time required

for a signal to go from one station to another, then
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back to the first, the distance traversed is twice that be-

tween the stations. When the sound is reflected back

to the observer the distance traversed is twice that

of the observer from the object causing the reflection.

Care must be taken to identify the object in question.

In the interval between two successive echoes, sound

must obviously traverse twice the distance between

two objects which reflect it, as for instance two par-

allel walls or the two ends of a conduit.

^ 137. Measurement of Short Intervals of Time.—
I. One of the oldest methods of estimating the

time required for sound to traverse a given distance

is to count the ticks of a watch which occur between

the flash and the report of a cannon discharged at

that distance from the observer (see ^ 138). When,

owing to obstructions in the field of view, it is im-

possible to see the flash, an electric telegraph may

serve in the place of light to inform the observer

of the exact moment of the discharge.^ Instead of

counting ticks, a " stop-watch " may be used, or. a

chronograph may be employed (1" 266). Amongst

various ingenious devices for the measurement of

small intervals of time may be mentioned the use of

a stream of mercury from a Mariotte's bottle (see Fig.

275, ^ 250), which may be directed into a receptacle

at the beginning of the interval, and diverted at the

1 The velocity of light is about 30,000,000,000 cm. per sec. ; hence

tlie time lost in traversing terrestrial distances may generally be dis-

regarded. An electric current is practically instantaneous in its ac-

tion ; but an allowance must be made for the slowness of telegraphic

instruments to respond to the current, unless a method of difference

be employed. See IT 135, 3,
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end of the interval. The quantity of mercury col-

lected serves to estimate very precisely the interval

of time in question.

II. In certain localities the velocity of sound may
be similarly determined by timing the interval be-

tween a sound and its echo. When a series of echoes

may be heard, the interval between tiiem may be de-

termined by adjusting a pendulum or a metronome

so as to keep time with the echoes while they last,

then afterward finding the rate of the pendulum or

metronome, by timing 100 or more oscillations.

Again, a method of multiplication may be used

(§.39). . When the last audible echo reaches the

observer, a new sound may be made ; so that the in-

terval of time to be measured may be indefinitely

increased. One of the earliest determinations of the

velocity of sound is said to have been made by a

monk, who made use of the echo in a cloister caused

by clapping his hands. The sounds thus produced

were, it is said, so timed as to alternate regularly

with the echoes.

III. The effects of an echo may be imitated hj a

series of sound signals interchanged between two

stations. Let us suppose that two observers, each

provided with a hammer and a plank, place them-

selves at suitable distances (see ^ 136). The first

gives a blow with his hammer, then the second re-

turns the signal as soon as the sound reaches him.

When the first hears the response, he gives another

blow, etc. As in the last method (II.), the interval

of time to be measured may be indefinitely multiplied.
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With practice, each observer will learn to anticipate

the retura signal, so that very little time will be los-t

in the act of repetition. The time thus lost is to be

eliminated by making two experiments,, as has been

suggested above (^ 135, 3).

IV. Another method ^ is to station two observers

let us say 300 or 350 metres apart, and to provide

each with a telescope, if necessary,, so that he may
watch a.pendulum, or any other object having a peri-

odic motion, in sight of both observers. Either the

length of the pendulum, or the distance between the

obaervers is then varied until a shai-p sound made

by A, when the pendulum is at the middle point)

of its swing, is heard by B at the moment when the

pendulum, after completing one or more oscillations^

again passes the middle point. The distance is then

measured, and the time of the pendulum determined.

Measurements must also be taken in which sounds

made by B are heard by A as the pendulum passes

its middle point. The experiment is' then repeated

with a distance between tlie observers (^ 135, 3)

two or three times as great as before.

Othef methods of measuring short intervals of time

will be considered in experiments which follow.

*W 138. Proper Methods of Counting.— In counting

the ticks of a watch (which usuallj' occur at inter-

vals of one-fifth of a second), it will be found diffi-

cult, if not impossible, to repeat, even mentally, the

names of numbers which contain more than one

1 See Ex. 30, Klementary Physical Experiments published, by

Hftrvard University.
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syUable.i In the following method of counting, this

difficulty is avoided : —
12 34 56 7 8 910123456780 2123456789 3

By counting the ticks which actually occur within

a given interval of time, the length of that interval

will on the whok be.^ fairly estimated. There is,

howevei', a tendency in most persons to count one

too manj'- ticks. When a given interval contains a

whole number of ticks, one occurring at the begin-

ning of the interval shoujd be counted " nought," or

not counted at all. Obviously the first and last tick

should not both be counted.

With intervals of time (as with intervals of space),

care must be taken to distinguish the number of in-

tervals from, the number of divisions between which

they lie. In the same way that the zero of a scale

should not be counted. " one," the beginning of an

interval of time should not be called one second

or one-fifth of a second. A iniacount may generajly

be avoided by pronouncing the word "now" at, the

beginning of the interval, then beginuirig the count

immediately aftprward.,

An accurate method of Qounting is important in a

great variety of measurements, especially those which

involve rates of vibration or revolution. The student

should consider carefully what habits he has formed

1 The difficulty 18 greatly lessened by cmuiting every other tiqki;

hut on account of th)e gJrea,ter inaocuraoy, thi3:raethod of CQunting is

not generally recommended.
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in this respect, and if they are not good, whether

it is preferable to change them, or to make an al-

lowance for " personal error " in each separate

determination.

EXPERIMENT LII.

GRAPHICAL METHOD.

^. 139. Determination of Sates of Vibration by the

Grapbical Method.^— A tuning-fork (ae. Fig. 125)

Fig. 125.

making from 100 to 300 vibrations per second, and a

pendulum (S/), made of an ounce bullet (/) and a

piece of clock-spring (J), are mounted as in the fig-

ure, so that when the tuning-fork and pendulum are

in vibration, two short and fine brass wires attached

one to each may make marks (h and i. Fig. 126) as

close together as possible on a piece of smoked glass.

1 The experiment here described is essentially the same as that

given in Exercise 31, Elementary Physical Experiments, Harvard

University, This application of the graphical method is due to

Prof. Hall,
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The tuning-fork and the spring are then firmly

clamped by the screws e and d.

The smoked glass is now drawn slowly out from

under the pendulum and the tuning-fork. The points

of the wires e and / should draw a single line {hix,

Fig. 126) upon the surface of the glass. If they do

not, the wires should be bent, or their relative posi-

tion otherwise adjusted. The smoked glass is now
to be replaced, and both the pendulum and the

tuning-fork are to be set in vibration,— the latter by

drawing a violin-bow across one of the prongs. The

bow must be drawn slowly at first, and always in a

Fig. 126. I"i6. 127.

direction nearly parallel to the vibration which it is

desired to create. That is, the bow shouldbe held at

right-angles to the prongs, but nearly parallel to the

plane containing them. The smoked glass is again

drawn out from under the pendulum and the fork,

with a slow but uniform velocity.

The wire attached to the tuning-fork, partaking of

its vibration, will trace upon the glass a series of

waves. The wire attached to the pendulum would

similarly trace a series of much longer waves, were

it not that owing to the amplitude of its oscillation,

the wire usually leaves the glass at the extreme

points of a swing. The result is a series of marks

a, k, I, etc., Fig. 127).

19
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The time required for one complete oscillation of

the pendulum is represented by the distance between

alternate marks {j and I, or k and m. Fig. 127). The

number of complete vibrations made by the tuning-

fork in the same length of time is to be found by

counting the waves executed in the same distance.

Thus between^' and I tilere are (in the figui-e) about

%\ complete, or \2\ half-waves ; and between / and n

there are similarly about 7 waves. In practice, a

,.Hiuch greater number would be counted.

If the waves are perceptibly closer together at k

or at I than at m or at n (oi the reverse), the glass

has not been drawn with sufficientlj' uniform veloc-

ityi In~ this' case, instead "of ' depending upon the

marks (J, k, I, etc.) actually made by the' pendulum,

it is necessary to draw a line at a distance from each

mark equal to that between h and i (Fig. 126), and

at the left or at the right of it, according to whether

h is at the left or at the right of i. The new lines

show where the wire attached to the pendulum would

have crossed the glass, provided that it could have been

made absolutely coincident with the wire attached to

the pendulum. By the use of lines drawn as above,

we may in counting the waves avoid errors due to

irregularity in the speed of the glass. The number

of whole waves included between two alternate lines

should be recorded in each case, together with an

estimate of the fractions of a wave left over at each

end of the series. This fraction should be expressed

in tenths § (26).

To find the rate of vibration of the tuning-fork,
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the time occupied by one complete oscillation of the

pendulum must now be deteriijined. This is done

by timing, let us say, one hundred complete oscilla-

tions. Having given a signal, one observer begins

to count the oscillations of the pendulum, while a

second observer, as soon as the signal is perceived,

begins to count the ticks of a watch (see ^ 138).

When the pendulum has completed a given number

of oscillations, the first observer signals to the second

to stop counting.

The number of complete oscillations of the pendu-

lum per second is found from the time required for

100 or 200 oscillations (as the case may be), by simple

division, and the result is multiplied by the average

number of waves made by the fork during one of these

complete oscillations to find the "vibration number,"

or " jjitch " of the fork, — that is, the number of com-

plete vibrations made in one second.

EXPERIMENT LIII,

BEATS.

^ 140. Theory of Beats — Wlien two musical notes,

nearly but not quite in unison, are sounded together

with about the same degree of loudness, the effect

upon the ear is by no means uniform. At regular

intervals the sound swells out, and these intervals
_

are separated by moments of comparative silence.

Each rise and fall of the sound constitutes a '^heat."
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The increase is due to the mutual re-enfbrcement of

the two sets of vibrations communicated to the air

;

the decrease is caused by the interference of these

vibrations.

Let us suppose that two tuning-forks, one making

256, tiie otlier 255 vibrations per second, are started

at a given instant by forcing their prongs together

and suddenly releasing tliein. The prongs of both

forks will sprhig apart simultaneously, and each fork

will cause a slight condensation of the air on each

side of it. This condensation will be followed by a

rarefaction when the prongs rebound, then by sev-

eral alternate condensations and I'arefactions, nearly

though not quite synchronously performed. The re-

sult is that the vibrations reaching the ear at the

same distance from both forks are very much greater

than if one fork were sounding alone. At tlie end of

half a second, however, the first fork will have made
256 -i- 2, or 128, complete vibrations ; so that, as at

the start, its prongs will be springing apart; but the

second fork will have made only 255 -^ 2 or 127|

vibrations, so that its prongs will be approaching

each other. The condensation produced by one fork

will tend to offset the rarefaction produced by the

other. The effect on the ear will accordingly be less

than if one of the forks were sounding alone. This

interference of the vibrations will evidently continue

as long as the forks are vibrating in opposite way^.

At the end of a second, the first fork will have

made just 256, the second fork just 265 complete

vibrations, and the direction in which the prongs
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are moving will be iii each case the same as at the

start, and heuce the same for both forks. The
sounds will therefore re-enforce each other as at fiist.

It is evident that, with the forks in question, periods

of re-enforcement must occur every second, separated

by intervals of interference. In other words, two
forks making 256 and 255 vibrations per second

must give rise to 1 " beat" per second when sounded

together.

In the same way it may be shown that two forks

differing by n vibrations per second give rise to n

beats per second. In other words, when two musical

notes are nearly in unison, the number of beats per

second is equal to the difference bettoeen the vibration

numbers corresponding to the two notes in question.

^ 141 . Determinations of Pitch by the Method of

Beats. — The special apparatus required for this ex-

periment consists of a series of tuning-forks with

differences of from three to five vibrations per second,

covering an interval of one octave (^ 134). The

first and the last of the series are to be sounded

together, to make sure that the musical interval is

exact. If the forks are nearly but not quite an

octave apart, faint beats may be heard. In this case

one of the forks must be loaded with small bits of

wax near the end of its prongs until the beats dis-

appear. If the wrong fork is loaded the beats will

become more frequent than before. Tlie same effect

may be produced if too much weight is added to

either forle ; hence care must be taken at first to add

very little weight at one time.
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The simplest way in general to tell whether a fork

is higher or lower than may be required for the pur-

poses of harmony is by the method of loading sug-

gested above. The effect of the additional weight is

to lower the rate of vibration of the fork to which it

IS attached. Whenever by loading a fork it may be

brought into harmony with a given musical note, we

know that fork to have a higher rate of vibration

than the purpoies of harmony require.

If, for instance, the first fork in the series gives 61,

and the last 120 vibrations per second, the first will

liave to be loaded until it gives 60 vibrations per

second, in order to be in harmony with the other

fork. Again, if the second fork gives 64 vibrations

per second, it will have to be loaded to bring it in

unison with the first fork. We may generally as-

sume that the forks are arranged by the instrument-

maker in an ascending series.

,Tiie experiment consists in a determination of the

number of beats produced in a given length of time

by sounding together each pair of consecutive forks

in the series , tliat is, the first and second, the second

and thiid, the third and fourth, etc. The student

will do well to begin counting with one of -the beats

which happens to occur when the second-hand of his

watch indicates a round number. The begmning of

this beat should not be counted (see ^ 138), One
hundred beats should he timed if possible. The time

of the last beat slionld be observed to a fraction of a

second. The number of beats per second should be

calculated in each case.
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The results represent differences between each pair

of eunseciitive forlis in the series ; hence when added

together we liave the difference between the first and

the last in the series , for the whole difference in

question must be equal to the sum of all its parts.

Now two notes an octave apart are to each other,

in respect to tlieir vibration numbers, as 2 is to 1

("^ 134) ; hence the last number in the series is

twice the first. It follows that the difference be-

tween the first and last numbers is equal to the first

number in the series. The result of adding together

the numbers of beats per second is therefore to find

the number of vibrations executed by the first fork

in one second.

By adding to this number the number of beats per

second between the first fork and the second fork we

find the pitch of the second fork ; and in the same

way, successively, the pitch of each fork in the series

can be calculated.

EXPERIMENT LIV.

LISSAJODS' CURVES.

^ 142'. Thefory of Iiissajous' Curves. — We have

seen, in Experiment 52, that when a piece of smoked

gTass is drawn beneath a pointed wire attached to a

vibrating tuning-fork, a wave-line is traced upon it..

If instead of drawing the glass completely away

from the tracer, the motion be suddenly reversed, we

shall evidently obtain a double wave which will re-
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semble one of the figures below (Fig. 128, 1, 2, and

3) according to the point (a) in the cuive at which

the reversal takes place. In the first curve the two

waves happen very nearly to coincide. We may im-

agine the reversal to take place so that there should

be a perfect coincidence.

Now let us suppose that when the tracer reaches a

certain point, h, a second reversal takes place, and a

third reversal occurs when the tracer returns to the

former point, a. Evidently, if the reversals are prop-vwww
EiG. 128,

erly timed, the tracer will follow the same path over

and over.

In practice we obtain a similar result by attaching

a small piece of smoked glass to the larger of two

tuning-forks. When the larger fork makes one vibra-

tion in the same time that the smaller fork makes for

instance 8, we obtain tracings as in Fig. 129, 1, 2,,

or 3, according to the relation which happens to

exist between the forks at the start.

These are examples of Lissajous' curves. The re-

versal of the smoked glass is not sudden, as in the

case previously supposed, and its velocity is greatest
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when the middle of the figure is being drawn. This

accounts for the difference in appearance between

these curves and those represented in Fig. 128.

It may be sht)wn that whenever two vibrations at

right-angles are compounded graphically, as in Fig.

129, unless the times of the vibrations are incom-

mensurate, a Lissajous' curve results. Each musical

interval (^ 134) has, accordingly, its characteristic

curves. These curves are in general too complicated

to be discussed in an elementary work. "We shall

confine ourselves to such cases as are represented in

Via. 129.

Fig. 129, where one fork makes a certain whole num-

ber of vibrations while the other makes one.

To find in such cases the musical interval between

the forks, we have to experiment until a figure like

the third is obtained (Fig. 129, 3). If this figure

contains w lobes, then the higher fork makes n times

as many vibrations as the lower fork.

It has been so far assumed that the two forks are

separated by an exact musical interval, so that at

the end of a certain period they find themselves in



298 TIME OF VIBRATION. [Exp 54.

exactly the same mutual relation as at the start. If

this is not the case, it is evident that the tracer will

not follow the same path in all cases, but that this

path will be continually changing.

Let us suppose that the tracer reaches its highest

point, as seen in the figure, when the glass reaches

its extreme right-hand or left-hand turning-point.

Tlien the curve traced will be represented as in Fig.

12y, 1. If the small fork is a little behind-hand we

shall have a tracing as in Fig. 129, '1 ; and if the

small fork has only reached the middle of its course

when the glass turns, we shall have a tracing like

iw. 130-.

Fig. 129, 3. Evidently, if the small fork starts as in

(1) and falls slowly behind the other, we shall have

a series of tracings represente,d by (1), (2), and (3).

It is not until the higher fork has fallen one complete

Tibration behindhand that the same figure will be

repeated.

If the smaller fork is gaining instead of losing,

a similar series of changes will be produced. There

is in fact no way to tell which foi"k is too high for the

musical interval in question, except as in the last ex-

periment, by loading it and observing the result. A
complete cycle of clranges in the case of two forks

one octave and one fifth apart (^ 134) is shown in

Fig. 130.
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The symmetnoal lobed figures (3 and 7) appear

twice in a cycle ; the seipeutiiies appear also twice •

but one of them is left-handed (1^, the other right-

handed (5). The interval between two left-handed

(^or that between two right-handed) serpentines

always represents one complete cycle, and is ac-

cordingly equal to the time in which the higher

fork makes one whole vibration more or less than

would be required to give a perfect musical interval.

Let p be ihe pitch of the lower fork, that is, the

number of vibrations it makes in one second, and let

n denote llie approximate musical interval between

the forks; then the pitch of the higher fork, which

we will call P, must be equal to wp, nearly. If, how-

ever, we observe c cycles per second, the true pitch of

the higher fork is lif ± c. Here c is positive if by

loading the higher fork the musical interval may be

made perfect ; if on the other hand the lower fork

must be loaded, c will be negative. With this under-

standing we have
P^n'p-\-c. I.

and V= — II.
n

These formulae apply only to cases in which, as we

have supposed, w is a whole number.

^ 143. Determination of Pitch by liissajous' Curves.

—A tuning-fork of known pitch (Exps. 62 and 53)

and one approximately an octave above or below it

are to be mounted, as in Fig. 131, with their prongs

at right-angles. The prongs of one fork (J.) are to

be coated with lampblack, except at a small point
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where, by the touch of a pin, the bright metallic sur-

face is made visible. Opposite this point.on the other

fork (-B) a lens, C, of about 1 inch focus, is to be at-

tached with sealing-wax, at such a distance that a

highly magnified image of the point may be seen

Fig. 131.

through the lens. When a violin-bow^ is drawn

across the fork A, the bright spot partaking of the

vibration will be apparently extended into a hori-

zontal line, Fig. 132.

i'lO 132. tlQ. 133. Fig. 134.

When the fork B is set in vibration, the motion of

the lens vrill cause the spot to be apparently elon-

gated into a vertical line, as in Fig. 133. When both

^ In practice, it will be found convenient that one or both of the

forks sliould be maintained in vibration by electrical means.
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forks vibrate simultaneously the vertical and horizon-

tal motions will be combined, and if the forks are sep-

rated by an exact octave, one of Lissajous' curves

will be formed, as for instance in Fig. 134.

If this curve is permanent in form, the experiment

is now finished; but if, as is generally the case, it

passes through a series of cycles, as in Fig. 180, ^ 142,

it becomes necessary to count the number of com-

plete cycles which take place in a given length of

time. It is also necessary to load one of the forks,

as in ^ 141, until the changes in the cycles become

less frequent.^

We thus find whether c is positive or negative

in the formulae of ^ 142. The pitch of one of

the forks is finally to be calculated by one of the

formulae in question from the pitch of the other

fork, previously determined.

EXPERIMENT LV.

THE TOOTHED WHEEL.

^ 144. Construction of a Toothed-Wheel Apparatus.

—A toothed-wheel apparatus capable of giving fairly

accurate results is represented in P'ig. 135, as seen

from above. A vertical cross-section is shown also

in Fig. 136. The works (e) of an ordinary eight-day

1 It is possible to load a fork so that a figure of a certain class

(see Fig. 130, 1-9) may preserve its characteristics until the vibra-

tion dies away.
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Fir. 135.

spring clock, from which the escapement lias been re-

moved, are mounted on a piece of wood, and a disc

of cardboard (a) is attached to the axle usually carry-

ing the second hand. Two pieces of watch-ispring are

also attached to this

axle at b, and bent into

loops so that two small

loads (e and c?) which

they bear may hang

quite close, together

when the M'heel is

at rest. The friction

which the springs ex"

ert against the air acts

iis a governor upon the

('peed of tlie machine.

The velocity of rotation will be found to vary very little

as the force of the main-spring grows less and less. To

make the wheel turn faster, the loads

(c and dy may be decreased : or a

slight change may be produced by

winding up the main spring. To

make the wheel go slowly, the load

may be increased ; or a slight decrease

in speed may be had either by waiting for the main-

spring to unwind itself, or by applying friction io one

of the more slowly moving wheels. The upper sur-

face of the disc, a, should be painted black. The

number of revolutions which it makes in a' given

time may be counted by watching a white spot

upon it, or still better by listening to the sound

X
CYS

Fig. 136.
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made by an object striking lightly againsit a projec-

tion from the wheel or from the axle upon which it is

mounted- At equal distances around the circumfer-

ence of the wheel, narrow radial slits should be cut

out. The number of slits must be made with refer-

ence to the usual speed of the machine and the num-

bei' of vibrations per second which the toothed wheel

is intended to measure. Tiie wheel represented in

Fig. 135 makes about 8 revolutions per second with-

out any load,— the speed being reduced to 4 revo-

lutions per second by a load of a few grams at a

and d. With twelve notches in the disc, this ap-

paratus affords from 48 to 96 nearly instantaneous

views of objects seen through the rim of the

wheel. The instrument is accordingly suited to the

determination of the pitch of tuning-forks making

from 48 to 96 vibrations per second. It may also

be used for much higher forks, as will be presently

explained.

^ 145. Theory of the Toothed Wheel.— By the ap-

paratus just described we are able to obtain at reg-

ular intervals a series of instantaneous views of a

vibrating object. If the intervals between the views

correspond to the period of vibration in question, the

same view will evidently repeat itself over and over.

If the intervals are sufficiently short, the effect will

be a continuous impression upon the eye. Thus

when the eye is held close behind the rim of the ro-

tating disc X^Pig. 135), the speed of. which is prop-

erly adjusted, we may obtain a series of views of a

tuning-fork, in all of which the prongs are, for in?
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stance, at their greatest elongation. The result is

tliat the fork appears to be at rest. To obtain this' re-

sult the number of slits which pass in front of the eye

in one second must be equal to the number of vibra-

tions executed by the fork in the same time. If the

wheel is moving a little too fast or too slow, the suc-

cessive views of the fork will not be exactly the same.

Fig. la/

The position of the prongs will seem to change as if

the fork were executing a very slow vibration. When
the fork is held close behind the rim of the disc, as in

Fig. 137, a different effect is produced.

Let us first consider the effect of a single slit mov-

ing along the fork. Let 1, 2, 3, 4, 5, 6, 7, 8, Fig. 188,

Pig. 138.

be views of the fork seen through such a slit when

occupying the successive positions a, b, c, d, e,f, g, h,

and {. These views are evidently situated along the

dotted line ai. Let us now supply the intermediate

views. We shall evidently have the curve shown in
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Fig. 137, or in ab, Fig. 139. Now let another slit pass

along the fork. We shall have similarly a curve, cd

or ef (Fig. 139), which may or may not coincide with

ab. If it does not coincide with ab, we shall prob-

ably not see either of tlie curves, since the light re-

flected through the slits will hardly have time to

affect the eye. If, however, several such curves coin-

cide, the joint effect will be similar to that shown in

Fig. 137.

In order that successive curves may coincide, it is

necessary that successive slits should reach a given

point in the .curve (as a, Fig. 138) at the same instant

that the prong of the tuning-fork reaches that point.

Fig. 139.

In other words, the interval of time between the

arrivals of successive slits must correspond with the

period of the tuning-fork.

It will be found, if a toothed wheel is adjusted so

as to show waves, as in Fig. 137, that when the speed

is increased the waves will seem to follow the direc-

tion in which the wheel is moving . while if the

speed is lessened, the waves will move in the oppo-

site direction. This is the result of a series of wave

images (see Fig. 139), each of which is situated in a

s%My different place from the one preceding it.

The direction in which the waves seem to move is a

valuable guide in adjusting the speed of the wheel.

20
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It is easy to trace out in a similav manuer the ap-

peaiance of a vibrating fork for any speed of the wheel.

Usually it will appear Wurrecl, as if looked at in the

ordinary manner. If, however, the wheel is moving

twice as fast as it ought, a double wave will be visible,

as in Fig. 140. If, again,, the fork makes in one sec-

ond a number of vibrations twice as great as the num-

ber of slits which pass a given point, the appeaiance

of the fork will be as in Fig. 141. Care must be taken

not to mistake this curve for the double curve of Fig.

140, nor for the regular curve of Fig. 137. We no-

lice that in Fig. 141 there are two complete waves hi

the distance between two successive slits (a and /)).

Fia. 141.

In the same way this distance will be divided into n

waves if the fork executes n vibrations between suc-

cessive views from a given point.

By this principle we may find the rate of a fork

too high to be measured by the ordinal y method.

^ 146. Determination of Pitch by means of a Toothed

Wheel.— The experiment consists simply in adjusting

the speed of a toothed wheel (Fig. 135, ^ 144) so

that a fork held behind the rim of a wheel (as in Fig.

137, ^ 145), and making about 64 vibrations per sec-

ond, will be apparently thrown into simple stationary

wares, the lengths of which will be equal to the dis-

tance between the teeth of the wheel, then finding
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how many teeth pass by a given point in one second.

We have aheaJy considered (^ 144) the manner in

which the speed of the wheel may be adjusted and

how the number of revolutions may be counted. ^

The number of revolutions made in one second mul-

tiplied by the number of teeth gives the number of

tee-th per second. This is (see ^ 139) the " pitch " of

the tuning-fork.

1 If it is found Impossible to adjust the speed exactly, or to keep

it adjusted, accurate results may still be obtained by counting the

number of waves whieh. in one second traverse the field of view.

This number is to be added to the number of slits passing a given

point in one second if the motion of the waves is opposite to that of

the wheel ; if both move in the same direction the first numbet is

to be subtracted from tUe second.
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^ 147. Different Methods of Measuring Velocity in

Dynamics.—When a body is moving so slowly that

it is possible to make a series of observations of its

position at different points of time, no particular diffi-

culty is met in the measurement of its Telocit3^

Thus in Exp. 60, to find the average velocity of a

ring rotating about its axis, we observe the distance

traversed between two ticks of a clock, and divide it

by the interval of time in question. Such slow mo-

tions are, however, the exception in dynamics. In

certain cases instantaneous photography has been

employed for the study of rapid motions. The esti-

mation of velocity generally requires, however, spe-

cial devices, such as have been employed for the

velocity of sound (Exp. 51).

(1) In rough measurements, we frequently make

use of the sounds produced by a moving body when

it stiikes different obstacles in its course. A familiar

example of this method consists in the determination

of the speed of a railway train by counting the num-

ber of rails crossed in a given length of time. To

find the velocity of a marble rolling in a groove,

small tacks may be driven into the groove at such dis-

tances that the successive sounds made by the marble

in crossing them correspond with the ticks of a clock.

The regular increase of velocity caused by a steady
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incline is then easily demonstrated by measuring the

distances between the tacks.

(2) By substituting for a series of tacks a series

of electrical connections which are made or broken by

a moving body, we may make use of any of the devices

by whicii time is measured by electrical agency.^

The velocity of a rifle bullet has been measured hj

the interval of time be-

tween the rupture of

two wires a known dis-

tance apart. The time

of rupture is usually re-

corded " graphically

by means of a chrono-

graph (see ^ 266).

Curves traced simul-

taneously l>y the arma-

ture of an electrical

sounder and by a tuning-

fork (see Exp. 52) en-

able us to estimate pre-

cisely exceedingly sH\all

intervals of time.

(3) There are various

devices in which the

motion of a body may

be directly recorded by the graphical method. Thus,

in Morin's Apparatus (Fig. 142), a pencil (c) at-

tached to a falling body marks directly upon a

revolving cylinder covered with paper. If the rate

1 See Trowbridge's New Physics, Exp. 71, 72, 73.

Fig. 142.
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of revolution is known, we may obviously infer the

position of the body at different points of time from

the tracing (a6) made by the pencil.

Another device in which the vibrations of a tuning-

fork attached to a falling body may be made to indi-

cate its position, will be found in Trowbridge's New
Physics, Exp. 74.

A simple instrument illustrating the graphical

method of measuring velocity will be described in

the next section.

(4) In studying the motion of fluid streams, the ve-

locity is frequently calculated from the size of a tube

or orifice, and from the volume which flows through

this tube or orifice in a given time. TJius if a stream

Fig. 144.

Fig. 143.

of water issues from an orifice ^ sq. cm. in cross-sec-

tion ~at the rate of 25 cm. cm. per sec, its velocity at

the orifice must be 100 cm. per sec. This principle has

been applied to illustrate the law of falling bodies.

A stream of water projected horizontally with a

known velocity must traverse a known horizontal

distance (5C Fig. 143) in a known time ; hence the

time required for gravity to deflect the stream through

a known vertical distance (^-A-B^ is determined.
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(_5) The pressure of a stieam of gas has been ap-

plied to the determinatiou of the mass jof the gas

when its velocity is known, and conversely for a de-

termination of its velocity when the mass is known,

If, fsoi" instance, a mass of gas m, impinging with the

velocity v, on a scale-pan (a, Eig 144) causes a force,

/, to be exerted for a time t, we have from the general

formula (§ lOG)

ft ft

V m
(P) The la-ws of falling bodies are frequently made

use of for indirect measurements of velocity. Thus

since a body is known to fall 4.9 metres in 1 second,

the velocity of a stream of water projected horizon-

tally at a distance of 4.9 metres above a certain level

will be equal numerically to the horizontal distance

traversed before reaching that level, the time in ques-

tion being 1 second. Again, the velocity of a pendu-

lum when it passes its central point may be estimated

by tlie distance it has fallen in reaching that point, or

by the distance it r ses after reaching that point (see

§109).

(7) The law of action and reaction enables us to

make comparisons of velocity. Thu«

if a bullet of mass m, striking a

log of mass M, suspended as m
Fig. 145, gives it a velocity F (sec

§ 106), the velocity of the bullet (?/)

may be found by the equation,

m
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Changes in velocity may 1)6 measured by the same

principle. If two billiard balls, A and B (Fig. 146), are

suspended by cords of equal length so as to just

touch each other without pressure, and if the greater,

A, is drawn aside to a position ^' (Fig. 147) and

allowed to strike B whiie resting at B', the latter will

reach a position B", while the former reaches A".

The velocity acquired by A in falling from A' to A
will be proportional to the straight line A'A (§ 109) ;

the velocity after impact will be proportional to AA"
and in the same direction as before ; lience the loss

K

Fig. 148.Fig. 146. Fig. 147.

will be proportional to A'A— AA". At the same

time B gains a velocity represented by B'B".

If on the other hand B strikes A from a position

B' (Fig. 148), it will rebound to B" in the opposite

direcition ; hence its change of velocity will be B'B

-f- B"B. The corresponding gain of velocity by A
will be represented by A'A".

It is easy to show by experiment that the products

of the masses and their respective changes of velocity

are equal, whether the balls are elastic or inelastic.^

1 See Ex. 20 of the Descriptive List of Elementary Physical Ex-

periments published by Harvard University.
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A comparison of the changes of velocitj'' in question

gives a simple means of estimating the relative

masses of the balls. .

EXPERIMENT LVI.

FALLING BODIES.

^ 148. Determination of Distances traversed by Pall-

ing Bodies in Different Lengths of Time. — A wooden

vodjjp (seen edgewise in Fig. 149),

about 25 cm. in length, 3 cm. in

breadth, and 1 cm. in thickness, is

suspended from the edge, /, of a

bracket, ef, by a strap of paper

forked at h, so that the rod, when

free, may hang in a vertical posi

tion. An ounce bullet is next sus-

pended by a thread from the peg, c,

and lowered to a position, q, near

the bottom of the rod. The bracket

is then moved (by loosening the

screws d and g) so that the rod may

barely touch the bullet. Then the ^"'- i^S-

bullet is removed, and either the rod is smoked at j

and at p, or pieces of smoked paper are attached to

it at these points.

The bullet is now suspended at a point, k, near the

top of the rod, by a thread passing over the smooth

round pegs e, a, and I, to a screw-eye, n, near the
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middle of the rod. The rod is drawn one side h}'

the pull on the thread, due to the weight of the.

bullet. Care must be taken to ease the thread round

the pegs, so that the true position of equilibrium may

be found. A pin m may then be placed so as to

mark this position of equilibrium.

To find the height of the bullet a finger is laid

upon the thread at a, and the thread is slipped off

the peg I, so that the rod may strike the bullet. A
mark will thus be made on the smoked surface at j.

The thread is now carefully replaced on the peg I, so

that the tension may be the same as before. When
the finger is finally removed from a, there should be

no slipping of the thread. If there is, the experi-

ment must be repeated, until the bullet, having made

a mark on the rod, remains unchanged in position.

Any oscillation of the Vmllet must now be arrested

by lightly pushing tiie thread, just below e, in a direc-

tion always opposite to that in which the bullet is

swinging, or .simjily by allowing time enough for it to

come to rest. Tlie thread is then burned at h by

holding a lighted match under it. The rod and the

bullet will thus be released at very nearly the same

instant. When the rod reaches its vertical position,

jp, it will strike the bullet at some point, q, where the

bullet will make a mark on the smoked surface.

The distance between the two marks, one near j,

the other near p, is now to be measured. This dis-

tance is equal to that through which the bullet falls

while the rod is reaching its vertical position ; thai; is,

in half the time it takes the rod to swing from one side
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to the other. To determine the time in question, we

set the rod once more iii oscillation and find how
long it takes it to complete 100 or more swings.^

To obtain the best results, the oscillations should

be timed as will be explained in the next experiment.

The time of a single osoillation (either from left to

right or from right to left) is then calculated and di-

vided by 2, to find the time occupied by the rod in

reaching its vertical position in the middle of one

swing. This gives the time occupied by the bullet in

falling through the observed distance.

The experiment should be repeated with the same

apparatus until results are obtained agreeing within

2 or 3 per cent. The experiment should be then

varied by using rods of different lengths. The re-

sults should be entered as follows : in the first column,

the distance through which the bullet falls ; in a

second column, the corresponding times of falling; in

a third column, the squares of these times , in a

fourth column, the ratios of the distances to the

squares of the times. Thus :
—

1, Distance Fallen. 2 Time Occupied. 3. Square of Time. 4. Katio of 1 to 3.

19.2 cm. 0.20 sec. 040 480

80.0 40 0.160 . 500

etc. etc. etc. etc.

It will be seen by the formula d= l gt^ (^ 108) that

the ratio of the distance to the square of the time

must be equal to
J g, which is the distance a body

* The student should notice that though the swinp;s prow shorter

and shorter in length, there is little or no perceptible chanfre in the

rate of osoillation (see § 111). A more exact method of testing this

point will be met incidentally in Exp. 58.
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falls in one second. The numbers in the fourth

column may be considered, therefore, as^ different esti-

mates of this distance, founded on observations lasting

through diiferenfc intervals of time. These estimates

should evidently show an approximate agreement
;

but the results are modified somev^hat by the fact

that we are not experimenting with a body which is

perfectly free to fall. A device, similar in many re-

spects to that shown in Fig. 149, will be found de-

scribed in Exp. 20 of the Descriptive List of Experi-

ments in Physics, published July, 1888, by Harvard

University. A device in which two electromagnets

are used to set free a pendulum and a falling body

will be found in Trow-

bridge's New Physics, Exp.

I

1 67.

EXPERIMENT LVII.

LAW OF PENDULUM.

^ 149. Determination of

Times of Oscillation. — An
ounce bullet (e, Fig. 150) is

to be suspended b}^ a waxed

silk thread, passing through

a notch (J) in the edge of a

bracket to and round a pin,

a, by which the thread can be lengthened or short-

ened. The lower surface of the bracket must be

horizontal (see I, Fig. 151), and the groove must be

Pig. 150. Fig. 151.
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deep enough to reach this surface. It is now required

to find the length of the pendulum thus constructed ;

that is, the distance

from its point of sus-

pension, in the surface,

b, to the middle of the

bullet, c. This is done

by means of a wooden

rod, bd, graduated in

millimetres. The rod

is held parallel to the

thread (and hence ver-

tical) with its zero at b.

The height of tlie cen-

tre of tlie bullet is

found from tliat of the

top and bottom by

tating the mean. To

avoid parallax (§ 25)

these heights are

sighted through a tele-

scope (e), on the same

level with them. We
thus find the length

of the pendulum in

question. The time

occupied by a hundred

or more consecutive^

oscillations of the pen-

1 The importance nf obeervmK long series of consecitive observa-

tions must not be ov«looked. A student is apt to imagme that 10

Fig. 152.
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dulum is now to be found. The csunting is to be begun

at a moment when the pendulum begins a swing just

as the second liand of a regulator (Fig. 152) indicates

some round number of seconds. The time must be

written down provisionally in advance. Let us sup-

pose that the observer is ready at llh. 8m. He writes

clown provisionally llh. 9m. Os. When at a given

tick of the clock the second-hand indicates 40 sec.

he counts that tick 40, the next 41, etc.^ If on the

60th tick the simple pendulum does not happen to be

at the beginning of a swing, a new trial should b?

made (e. g.) at 11 h. 10 m. sec. In the course of

about 10 trials a case should be found in which a

swing seems to begin exactly on the minute and sec-

ond provisionally recorded. The observer then begins

immediately to count the swings completed by the

pendulum (^ 138). When the pendulum has made^

let us say, 100 swings, the time by the clock is again

noted. If the clock ticks just as the pendulum com-

pletes its 100th swing, the indication of the clock

{which will not change for one second) is exact; if,

however, the 100th swing is completed half-way ber

tween two ticks of the clock, the first indication

should be increased by 0.5 seconds. The student

should practise in this way the estimation of half-

seconds or smaller fractions if possible. The results

are invariably to be expressed in tenths.

series of 10 swings each gives an average result as good as one series

of 100 swings, whereas in fact, 100 series of 10 each would be re-

quired (see § 51).

1 With a little practice, the student should be able to follow the

motion of the second-hand for some time by simply counting ticks,

without looking at the clock.
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The experiment is to be repeated with peudula, tlie

lengths of which are about 10, 20, etc., up to 100 em.

The results are to be arranged in two columns, tlie

first showing the length of the pendulum, or the dis-

tance from the point of suspension to the centre of

the bullet ; the second showing the time of vibration,

found by pointing off two decimal places from the

time in seconds occupied by 100 vibrations- Then a

third column is to be calculated, showing the squares

of the times of vibration ; and a fourth column show-

ing in each case the ratio of the length of the

pendulum to the square of the time of vibration.

Thus :
—

(1) Length of Pendulum. (2) Time ofSwing (3) Square of Time (4) Ratio of (1) to ^3

8.8 cm. 30 sec. 0.09 97.8

99.0 1.00 1.00 99.0

etc. etc. etc. etc.

In accordance with the well-known law of the pen-

dulum (§ 110), the squares of the times in column (3)

should be proportional to the lengths in column (1) ,

hence the numbers in the fourth column should be

(theoretically) the same. In practice variations oc-

cur, due not only to errors of observation, but also

to the fact that a bullet suspended in air by a silk

thread is only an approximation to an ideal simple

pendulum.^

By comparing the table found in this expeiiment

1 A pendulum consisting of a small sphere suspended by a fine

thread is sometimes called a simple ppndiilum. An ideal simple

pendulum consists, however, of an infinitely small body suspended

in. vacuo by a perfectly fl^exible but inextensible cord entirely devoid

of weight. See Deschanel's Natural Philosophy, Chapter VI.
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with that obtained for falling bodies in Exp. 66, we
discover a curious relation. The length of a pendu-

lum which makes one swing in one second is about

99 cm. The distance a bodj' falls in one second is

about 490 cm. The latter is nearly 5 times as great

as the former. Again, the length of a half-second

pendulum is not quite 25 cm. . the distance a body

falls in half a second is about 122 cm., that is, nearly

6 times as great as the corresponding length of the

pendulum. This proportion will be found to exist in

every case.

It is obvious that if this proportion is known,i we
may calculate the distance through which a body falls

in a given time from the length of a pendulum making

one swing in the same time. We shall make use of

this principle in tiie next experiment.

EXPERIMENT LVIII.

METHOD OP COINCIDENCES.

^ 150. Adjustment of a Pendulum of Peculiar Con-

struction.— A serviceable device, which conforms ap-

proximately to the conditions required of a simple

pendulum, is represented in Fig. 153 as seen from in

front, and in -Fig. 154, in profile. It consists of a

cylinder (^gj) suspended by two vertical loops of silk
«

1 The law of falling bodies gives (§ 108) d = \gt^; the theory

of the penrlulum gives Csee Appendix) ^ = ^s hence we have

rf . i : . ir'2 :2 4.935 : 1, nearly. This ratio is not affected by the

value of g, but Is slightly affected by the resistance of the air.
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thread passing around the horizontal pins ab and hi.

The diameter of these pins should be exactly the same,

and not over 1 cm. Their length should be about 10 cm,

The upper pin (aJ) is driven through a fixed support

;

the lower pin should pass as nearly as possible through

the centre of gravity of the cylinder. The ends of the

thread, after passing over the pin ab, are carried eacli

to one of the pins c, d, e, and /, by turning which the

threads ma)' be lengthened or shortened. A disc is

Fig. 153. Fig. 154.

also attached to the cylinder, and in this disc are made

two V shaped holes (g and /). Opposite the lower

hole (y) may be placed an opening (/c), in a shield,

through which instantaneous views of objects be-

hind the pendulum may be obtained at regular in-

tervals. A small wire loop may be attached to the

pendulum so as to complete an electrical connection

between two drops of mercury at I when the pendu-

21
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luim is at rest or in the middle of a swing. The length

of the pendulum thus constructed is found by meas-

uring the distance between these pins from centre

to centre. In the absence of a cathetometer (^ 262)

or other device by which the distance in question ma,y

be accurately measured, it is well to adjust it by turn-

ing the pins c, d, e, and / until a metre rod fits with-

out looseness or pressure between the pins ab and M,

so as to subtend the vertical distances either between

a and h or between b and i. The diameters of the

pins at a, b, h and i are now measured by a vernier

gauge (Part I. ^ 50). The average diameter added

to the length of the metre rod gives the distance

between the pins from centre to centre.

In regard to the working of this pendulum, it

may be pointed out that the cords (a^ and bi) keep

the pins (a6 and hi) parallel, hence horizontal, and

always the same distance apart. The centre of the

pin hi swings, therefore, in a vertical plane about

the middle point of ab as a centre. Now equal par-

allel forces applied by the cords (aA and bi) on each

side of the pins (aS and hi) act in all cases like single

forces applied at the centres of these pins (see Expe-

riment 61, ^ 159, 1), If the centre of gravity of the

cylinder and disc is in the axis of hi, we have, as

in the simple pendulum, a weight acting as if it were

applied at a single point (in M), and Wade by forces

also applied at the same point (in hi) to oscillate

about another point (in ab) as the centre. There is

no rotation either of the cylinder or of the disc to

complicate the result, as in the case of an ordinary
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compound pendulum. Evidently no such rotation

can exist, unless the covlU (^ah and bi) slip on the

pins (ab and Ai). There is, moreover, no tendency

to produce such rotation ; because forces acting at

the centre of gravity of a body (in hi) can cause

only a linear motion of that centre of gravity. A
line in the disc or cylinder which is vertical in one

position of the pendulum, remains accordingly ver-

tical in all positions. Here lies an essential distinc-

tion between this and other compound pendula.^

^ 151. Determination of Times of Cscillation by the

lUethod of Coincidences.— A pendulum between 100

and 101 cm. in length, adjusted and measured as in

^ 150, is placed, let us say, in front of the pendulum

of a regulator (Fig. 152, ^ 149) and set in vibration

in an arc not exceeding 10 cm. in length (that is,

5 cm. on each side of the vertical — see Table 8, g}.

Each swing will occup}' a little over a second ; hence

the first pendulum will fall slowly behind the second.

The two pendula will be moving now the same way,

now opposite ways. The ticks of the regulator will

occur when the first pendulum is now at its furthest

right-hand or' left-hand point, and now when it is at

the middle point of its swing. Every such corres-

1 The stulent may notice that the time of oscillation of the stick

used in Exp. 56 is cnnsiderabl}' greater than that of a simiile pendulum

(see Table, IT 140) equal in length to the distance between tlie centre

of gravity of the stick and its point of suspension. This is owing to

tiie fact that gravity lias not only to move the centre of the stick

through a certain angle about its point of suspension, but also to turn

the stick through the same angle. For a similar reason all ordinary

compound pendula are somewhat retarded.
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pondence involves a " coincidence " of some sort. The

object of this experiment is to find the average inter-

val of time between two coincidences of a given

kind. The student will be surprised to find in the

reduction of different results (^ 152) how large an

error may be committed in the metliod of coincidences

without introducing any considerable error into the

result.

I. OcDLAB Method. — When the pendula are ap-

parently swinging the same way, the time is to be

read by the clock in hours, minutes, and seconds ; and

again the time is to be noted when the pendula seem

to be moving in opposite ways. This should be con-

tinued for half an hour or more, according to the

length of time that the pendulum may continue to

swing perceptibly. The two pendula will probably

seem to coincide for a long time in each ca.'je. Every

effort must be made to determine the middle of such

periods of coincidence.

II. Eye and Ear Method (§ 28). — The times

may be noted when the ticks of the regulator are

heard just as the pendulum under observation reaches

its furthest point to the right or to the left; or better,

when it reaches the middle point of its swing. In the

latter method, the time of coincidence may be gener-

ally found within 10 seconds. It may be convenient

in some cases to connect an electrical telegraph instru-

ment with a break-circuit in tlie clock (Fig. 152, a)

so that the ticks may be re-enforced or reproduced at

a distance.

III. Optical Method. — Instantaneous views of
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the pendulum of the regulator may be obtained

through the opening, k, in a fixed shield (Fig. 1.53),

and an opening,/, in the disk of the pendulum. The
regulator should be illuminated so that these views

may produce a sufficient impression upon the eye.

The times are to be noted when the pendulum' of the

regulator is seen at the middle point of its swing.

Times of coincidence may thus be determined within

a few seconds.

IV. Electrical Method.— An electrical current

is sent first through the break-circuit of the clock

(Fig. 152, ^ 149), then through the break-circuit

Imno (Fig. 156) attached to the pendulum (see Pick-

iiiiiiifiiiiiiiiMM

I'lG. 155. Fig. 156. Fig. 157.

ering. Physical Manipulation I. § 41). The ends of

these wires should be amalgamated by dipping them

first in nitric acid, then in mercury in order to make

good electrical connections. The two hollows^wand

(Fig. 157), must be filled with mercury and raised

by (bin wedges, so that the mercury may touch the

wires {Im) in the middle point of the swing [m, Fig.

155).

When the swings of the two pendula come into a

certain mutual relation, an electrical connection will

be made b}- both bi'eak-eircuits at the same time, and

the sounder will respond. After a certain time this

relation will cease, and the sounder will become
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silent. The beginning and end of each period of

response should be noted, and the middle of the

period found by calculation. This method, though

more complicated in detail, requires much less effort

than the optical method, and is in general equally

accurate.

The experiment is to be repeated with a hollow

cylinder of sheet zinc, instead of the solid zinc cylin-

der represented in gj, Fig. 153 ; then again repeated

with this hollow cyliuder filled with sand or lead

shot. The weights of the empty cylinder and its

contents should be noted.

^ 152. Reduction of Results obtained by the Method

of Coincidences.— The reduction of results obtained by

the method of coincidences will be b^st explained by

au example. The times of coincidence should be ar-

]'anged (see § 61) in three columns of about equal

length. These columns should contain an odd num-

ber of observations, and should be averaged, thus:—
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which they eoi-respond. The difference between the

first and second avemges is 620 seconds; and since

between the 3d and 8th obseryations, to which they

correspond, there are 5 intervals, the average for each

intei'val must be 124 seconds. It appears, therefore,

that in 124 seconds the first pendulum loses just one

swing with respect to the regulator ; that is, it makes

123 swings while the regulator makes 124. Assum-

ing that 124 swings of the regulator occupy as many

seconds, one swing of the first pendulum must oc-

cupy
j^l^ of 124 seconds, or 1.0081 sec. In the same

way, between the 8th and 13tli observations, we
find coincidences on the average 126 seconds apart

;

hence the average time of one swing is -j^ of 126

seconds, or 1.0080 sec. The,student should note that

the time occupied by one swing (1.0081 sec.) in the

first part of the experiment differs very slightly from

that (1.0080 sec.) in tiie last part of the experiment.

The difference, due to a decrease in the arc of the

pendulum, is in fact only about
-j-g-Jofr

°^ * second

(see Table 3, g). He should also notice that this

small difference in the result corresponds to a com-

paratively large difference (2 seconds) in the average

interval between coincidences. Even with rough

methods (^ 151, I. and IT.) such a difference could

hardly fail to be observed when sufficiently multi-

plied by a long series of observations. If, conversely,

the average interval between coincidences can be

found within 2 seconds, the time of oscillation must

be accurate within i-^\-^ of a second.

A comparison of results obtained with a solid and
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with a hollow cylinder of a given size and shape

should show that the resistance of the air (which

must exert a relatively greater influence in one case

than in the other) is sliglit. A comparison of re-

sults obtained with a hollow pendulum filled with

different materials should show that the time of os-

cillation of a pendulum of given length is indepen-

dent of the nature of the substance of which it is

composed.

^ 153. Relation between the Length and Time of

Oscillation of a Pendulum and the Acceleration of Grav-

ity.— We have already seen (*[[ 149) that a relation

must exist between the length 'of a pendulum and

the distance traversed by a falling body while the

pendulum is making one^swing. To find the distance

which a body falls in 1.C081 sec. we have only lo

multiply the length of the pendulum; let us say 100.8

cm. by a certain number (4.935) already determined.

From the distance which a body falls, and from the

time occupied, we may calculate the velocity imparted

to the body (see § 108) ; and from the velocity im-

parted in a given length of time, we can find that

imparted in J second (§ 108). This is called the

acceleration of gravity, and is denoted by g in the

formulae of § 108. To shorten this calculation,

which depends solely on the length and time of oscil-

lation of a pendulum, the following table has been

computed for simple pendula between 99 and 101

cm. in length:—
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TIME OP OSCILLATION.

P.

c

99.0
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If, therefore, the length had been 100.8 instead of

1.0084 the time would have been 1.0079 instead of

1.0081. Now 1.0079 comes between two numbers

opposite 1.008, namely 1.0081 and 1.0076, Under

the first we find 979, under the second we find 980.

Since 1.0079 differs from 1.0081 by .0002 sec, and

a difference of .0005 sec. makes a difference of 1 unit

in g, we must add .0002 -H .0005 or f of a unit to 979

to find the value of g. We have, therefore, g=.

979.4.

The object of this calculation is not so much to de-

teiwine the value of g^ which is already known with

sufficient accuracy for all latitudes (see Table 47),

and is believed to be the same for all materials, but

rather to obtain a check upon the standards and

methods hitherto employed for the measurement of

length and time.

EXPERIMENT lilX.

INERTIA, I.

^ 154. Determinations of Mass by the Method of

Oscillations.—A small glass beaker (li, Fig. 158) is

to be suspended from a support, a, by a coiled spring

of steel wire, he, as long and as flexible as may be

convenient. A substance whose mass is to be de-

termined is placed in the beaker. The beaker is

then pulled downward to a position d\ vertically

beneath d, then released. It will spring up to a
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position d", nearly as far above d as d' is below it.

Then it will return nearly to d', and thus make a

considerable number of oscillations 1 efore it comes

to rest. The oscillations should not displace

the load in the beaker ; if they do, the load

must be rearranged, or the oscillations must

be diminished in amplitude. The time of

oscillation is now to be found as in ^ 149.

The load is next removed from the beaker,

and in its stead weights from a set are

placed there, sufficient in quantity to stretch

the balance to the same point as before. The

time of oscillation is again determined. If

it is less than before, more weights are added,

if greater, weights are removed ; and thus by *•'

trial (§ 35) the weight is adjusted until the ^'^' ^^^

time of oscillation is the same with the weights as

with the substance, the mass of which is to be

determined.

The student should notice that the time of oscilla-

tion is nearly independent of the amplitude of oscilla-

tion as in an ordinary gravity pendulum. It should

be pointed out, however, that in the vertical oscilla-

tion shown in Fig. 158, gravity has nothing to dp

with the time of oscillation in question, except in so

far as it may affect the elasticity of the spring by

stretching it to a greater or less extent. When a

spring is already loaded the force required to stretch

it 1 cm. further may be taken as a measure of the

stiffness of the spring under the load in quastion.

The time of oscillation of a load suspended by a
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spring depends (1st) on the stiffness of the spring and

(2d) on tiie mass to be set in oscillation. When two

loads give the same time of oscillation under the same

circumstances, their masses are necessarily equal;

Having adopted as our standard of mass a certain

piece of platinum in the French Archives (§ 6), we
should theoretically use platinum weights in this

experiment. It has been found, however, that two

quantities which have equal masses, estimated as

above by the dynamical method, have also equal

weights (in vacuo') ; that is, giavity exerts the same

iaeceleration upon them, without regard to the sub-

stances of which they are composed (see Exp. 58.)

Tiie use of brass weights will not, therefore, in prac-

tice, introduce any error.

The results of Exp. 59 are to be expressed in

grams like results obtained bj^an ordinary balance.

Strictlj', however, the word mass should be written

before or after these results instead of the word

weight (§§ 152, 153).

^ 155. Relation between Weight and Mass.— The

student must not assume that weight and mass are

necessarily the same. We do not know tvhy a body

is attracted by the earth, neitiier do we know w%,
being attracted, it does not move instantly, under

that atti'action, from one place to another. The

former phenomenon we attribute to gravity (§ 150),

the latter to inertia (§ 151).

By the weight in grams of a body we mean the

number of grams of platinum to which the body is

equal in respect to weight proper (§ 153), or the
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force exerted upon it by gravity. By the mass in

grams of a body we mean the number of grams of

platinum to which it is equal in respect to inertia, or

the necessity of force to set it in motion (§ 1B2)} In

the absence of any explanation of gravitj' and inertia,

no reason can be assigned why any proportion should

exist between them. There is no proportion be-

tween electrical or magnetic forces and the masses

upon wliich thej' act. The existence of such a pro-

pcTrtion between mass and weight is simply an infer-

ence from the results of experiment (see Exp. 58).

It is possible, so far as we know, that a new sub-

stance may be discovered, the mass of which may

be disproportional to its weight. It is also po.ssible

that if masses could be measured with the same accu-

racy as Weights, slight variations might be discovered

which have hitherto escaped observation. We have

several instances of physical laws which are approx-

imately but not exactly fulfilled , as for instance the

law connecting the molecular weights and specific

lieats of elementary substances (§ 86, note). At

the same time that such variations are possible, as

far as we know, in the case of gravity and inertia,

it is by no means probable that any such will ever

be discovered. It is much more probable that grav-

ity and inertia are both manifestations of a single

principle, according to which, for reasons unknown

to us, one must be proportional to the other.

1 See Hall's Elementary Ideas, published by C. W. Sever, Cam-

bridge, Mass.
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EXPEEIMENT LX.

INERTIA, II.

^ 156. Determination of Force by Observations of

Mass, Length, and Time.— A metallic ring about 20

cm. in diameter, and weighing about 600 grams

(C D F E, Fig. 159) is suspended horizontally by a

spring brass wire AB, about 0.25

vim. in diameter (No. 31, B w.G.),

and at least one metre long. The

w iie is fastened at the top and held

at the bottom by a small vice, B.

Tills vice, B, is connected by fine

lion wires (about No. 31) with four

points C, D, E, and F of the ring.

A paper millimetre scale is attached

to the ring, and the distance through

which it revolves is indicated by a

fixed marker (G^).

The reading of the marker is to

be first observed when the ring is

at rest. Then the ring is turned

through nearly 360°, and released.

All pendular vibration must be stopped by touching

(if necessarj') the wire AB. The ring will then

have only a rotary movement, due to the " torsion"

of the wire. As the ring approaches a turning-point,

several readings of the marker are taken at inter-

vals of two seconds. The intervals may be deter-

FiG. 159.
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mined by the ticks of a regulator, or hj an electrical

sounder connected with the regulator.^

When the experiment has been repeated a suffi-

cient number of times, the ring is taken down and

its weight in grams determined. The vice, B, should

not be weighed with the ring. It is better not to

weigh the connecting wires with the ring ; but their

weight (which should not exceed 1 gram) will not

in anj' case introduce a serious error into the result.

The material, length, and diameter of the wire AB
sliould be noted. The observations are tKen to be

reduced as in ^ 157.

^ 157. Calculation of Force from Observations of

MasSj Length, and Time.— The rotation of a ring

about its axis presents one of the simplest cases

in dynamics. The whole mass of the ring is at

(nearly-) the same distance from the axis in ques-

tion, and hence acquires (nearly) the same velocity.

To find the force exerted upon the ring in the direc-

tion of this velocity, we have to find (1) the velocity

acquired, (2) the time required to attain this velocity,

and (3) the mass acted upon. The force may then

be calculated by the general formula (§ 106) :
—

J, mv
/ —

—

1 If greater precision is required than can be obtained by tlie eye,

a small bristle attached to the armature of the sounder can be made

to mark the seconds on the edge of tlie ring, which must be previously

smoked for this purpose. By employing two such markers on oppo-

site sides of tlie ring, sliglit errors due to swinging of the ring can be

eliminated.
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In practice we make this calculation as in the ex-

ample below. The observations are numbered and

arranged as follows: —
mm. Difference in 2 sec. Mean Velocity, Difference in 2 sec. Acceleration

1 552 +33 +16.5
2 585 +15 +75 8.0 4.0

3 600 _ 5 _ 2 5
10.0 5.0

4 595 _2o _io:o
7.5 3.8

5 575 _^Q _2oo 10.0 5.0

6 535

The differences in the 3d column show the dis-

tance passed over in 2 seconds ; hence these are

divided by 2 to find the distance passed over in 1

second, or the mean velocity for a period of 2 sec-

onds. The velocity is called positive if the ring is

turning away from its position of equilibrium, other-

wise negative. The 6th column shows the algebraic

differences in these velocities ; that is, the change of

velocity in 2 seconds. To find the acceleration, or

change of velocity in one second, tiie numbers in the

5th column must be divided by 2. This gives the

numbers in the 6th column, the average of which is

4.5, nearly. Since we have used mm. throughout, the

change of velocity in one second amounts to 4.5 mm.
per sec, or 0.45 cm. per sea.

This is the acceleration strictly of the outer surface

of the ring. Let us suppose that the outside diameter

is 20.5 cm. and the inside 19.5 cm., so that the mean
diameter is 20.0 cm. ; then the average acceleration

will be less than 0.45 in the ratio of 20.0 to 20.5.

The average acceleration will be, therefore, about 0.44

am. per see. If now a mass of 500 g. receives this
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acceleration, tlie force exerted upou it must be 500 x
.44, or 220 dynes (§ 12). The angle through which

the steel wire is twisted is given in circular measure

by the ratio of the arc to the radius. Since the latter

is 10 cm. (nearly), the minimum deflection (53.5 era.)

corresponds to 5.35 units of angle. The maximum
deflection (6'0.O cm.) corresponds similarly to 6.00

units of angle. The mean deflection is accordingly

not far from 5.7 units of angle. Since one unit of

angle in circular -measure is equal to 57°. 3, nearlj',

the mean deflection of the ring is about 57°.3 X 5.7,

or 327°.

We note, therefore, that a piece of steel wire of

given length and diameter, wlieu twisted 327°, ex-

erts at a distance of 10 cm. fi'om its axis a force of

about 220 dynes.

The use which is to be made of this result will be

explained in ^ 165 in connection with a method by

which a force similar to the one in question may

be directly balanced by gravitation. A more ac-

curate method of reducing results obtained by the

" torsion pendulum " will be given in the Appendix

(Part IV).

EXPERIMENT LXI.

COMPOSITION OP FOECES.

^ 158. Correction of Spring Balances.— A Sipring

balance consists of a spiral spring, cd (Fig. 160), con-

tuined in a hollow metallic case, hh, to which it is

22
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fastened at c. The spring is connected by a rod, di,

with a hook, ij, from which weights are hung. A slit,

eg, is made in the case so that a pointer,/, attached to

the Tod, di, may indicate the elongation of the spring

on a scale outside of the case. In measuring vertical

forces with a spring balance, the instrument is gener-

ally suspended by the ring, a. When
forces in other directions are to be

determined, the case (JA) should also

be supported, so as not to bear against

the index, /. If this precaution is not

observed, large errors from friction

may be introduced into the results.

Spring balances are usually graduated

so as to indicate the weight of a body

either in kilograms or in pounds. It

miist, be remembered, that such indi-

cations are affected by the force of

gravity. Thus a spring balance, grad-

uated correctly in England, would give,

in Brazil, readings too low by about ^
of 1 %. Obviously spring balances, however sensitive,

cannot serve everywhere as standards of mass (§ 6).

The readings depend, not directly upon the masses

suspended, but upon the forces which they exert on

the instrument. A spring balance once graduated

correctly in megadynes^ should, however, give forces

correctly (in megadynes) irrespective of locality. A

Fig. 160.

1 The student may be interested to cut a scale of megadynes by the

side of the ordinary scale. In latitude 40°-45°, 1 megadyne = 1.02

kilos. = 2J lbs nearly.
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spring balance is essentially an instrument for meas-

uring force, and it is only in a given latitude that it

may be employed for estimating weights either in

kilograms or in pounds. A pair of 10-kilo. (or 24-lb.)

spring balances will be suitable for the experiments

which follow.

The reading of a spring balance may be corrected

by hanging known weights upon it, as in Fig. l60.

Weights provided with; a ring, a hook, oi- an eye will

be found convenient for this purpose. The I'eading

of the balance should be tested with weights of 1, 2,

3, etc., up to 10 kilos, (or 2, 4, 6, up to 24 lbs.). The

zero-reading of the spring balance should also be

found, both in a vertical and in a horizontal position.

The weights used may be compared by an ordinary

balance with standards if it is thought necessary.

From these results we are to calculate the correc-

tions to be added to the reading of the spiing balance

under different loads, in order to find the true load.

Thus if the indication with a 4 lb. weight is 3 lbs.

14 oz., the correction is -i-2 oz. The results should

be arranged in tabular form, either in kilos, or in

pounds, as follows :
—

FIRST TABLE OF CORRECTIONS.

(1| Load in kilos. Correction in kilos.

-0.10
1 —0.03
2 +0.08
3 +0.2.5

'id +0.05

(2) Load in lbs. Correction in oz.

-3
2 -1
4 +2
6 +6

'ii
'+1

One of the weights is now to be attached to the

spring balance by a light but strong cord {ac, Fig.
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161) passing over a pulley (6) made to run as freely

as possible. The readings of the balance are to be

carefully compared in different positions (a'i d", etc.)i

To eliminate the effects of the friction of the pulley,

the readings are to be made in each

case (1) when the weight is being

slowly raised, and (2) when it is

being slowly lowered. If the two

readings differ perceptibly, the mean

is to be taken.

The object of. testing a spring bal-

ance in different positions is to elim-

inate the effects due to the weight of

the hook and spring.^ Fiom the results we are to

calculate the corrections to be added to the readings

under different inclinations in order to find the read-

ing in the vertical position. Thus if a 2 lb. weight

weighs apparently 2 lbs. 1 oz in the vertical posi-

tion, and 1 lb. 11 oz. in the horizontal position, the

correction for an inclination of 90° is -1-6 oz. These

corrections should be the same for all weights, and

should be entered in a second table, as follows :
—

JFiG. 161.

SECOND TABLE OF CORRECTIONS.

(1) Inclination of
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^ 159. Determinations of 'Weight by the Composi-

tion of Forces.— It is frequently inconvenient to

measure the weight of a body directly, either by

ordinary scales, or by a single spring balance, as

when the weight of the body exceeds the capacity

of such instruments, or when the -body forms an

inseparable part of a combination. In such cases,

we may sometimes make use

of principles involved in the

composition .and resolution of

forces.

(1) To find the force of

gravity on a " 28rlb." weight

with two spring balances, each

of 10 kilograms' capacity, we -^^^ jg,

hang the weight (e, Fig. 162)

at the middle of a stick (cc?) no tliat it may bear about

equally upon the spring balances (a and 6) while

hanging in a vertical position. The reading of each

balance is to be noted ; then the weight is to be re-

moved, and tlie readings again taken with the stick

alone. The difference between the two readings of

a given balance, with and without the weight, cor-

rected if necessary by Table I., ^ 158, gives the part

of the load borne by that balance. The sum of the

two parts is of course equal to the whole load.

(2) To find the force of gravity on a "56-lb."

weight with a single spring balance of 10 kilograms'

capacity, we suspend a lever (ecZ, I?ig. 163) as before,

except tliat a cord, hd, takes the place of the spring

balance (b, Fig. 162). The weigiit is then hung at a
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point, e, let us say one-fourth the distance from d to

c, and" the reading of the spring balance is observed.

Care must be taken that the cords /^ and hi, by which

the weight is suspended,

swing free of the side of

the lever as in the cross-

section (Fig. 163). A
similar precaution should

I?
be observed in respect to

the cords by which the

Fig leT"
spring balance, a, is at-

tached to the lever at u.

Tlie cords should both be vertical. The horizontal

distances cd and ed are to be accurately measured.

The weight is now to be removed, and the reading

of the spring balance again noted. If F and / are

the forces indicated by the spring balance with and

without the weight, both being corrected by the

first table of ^ 158, the force (w) exerted by the

weight at c is evidently equal to F — /. If we call

the whole weight W, then since the couple (§ 113)

produced by W (equal to Wxde) is balanced by

the couple produced by the spring balance (equal

to w X cd'), allowing for the weight of the lever, it

follows that

—

W= (_F—f) X cd-^ed.

(3) Another method of suspension is represented

in Fig. 164. It is assumed that the weight will be

able to lift the lever, so that the balance must be

applied from under the lever. The reading of tiie
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balance in this position must be corrected both by
the first and by the second table of ^ 158. Thus
since the inclination, of the balance is 180°-(compare

Figs. 164 and 161), we must add 0.32 kilos accord-

ing to the second table (^158), besides the ordi-

nary correction for the ob-

j

served rending from the first

Uit- ''' ^ table (^ 158). In addition

2 ! to the force exerted by the

Id eA spring balance, we have that

5
•" part of the weight of the

Fig. 164. lever which is felt at a,

helping to balance the 56-lb.

weight. To allow for the weight of the lever, we
remove the 56-lb. weight, and apply the spring bal-

ance as in Fig. 163, so as to

sustain the lever at a. The

reading of the balance in this

position needs to be corrected

simply by the first table
, ^ .1 .

l

(^ 185), and gives the force

(/) exerted by the lever at a.

This is to be added accord-

ingly to the force {F} exerted ^'**- '^^•^

by the spring balance with the weight (e) to find the

total force which balances this weight. Calling this

force w, and the load W, we have w X ab ^ Wx he,

or—
W= (F+fyx ah^bo.

(4) To test a 4-lb. weight with a 10-kilograra spring

balance, we fasten one end of a lever (c. Fig. 165) to
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the ground by means of a vertical cord, ce, and suspend

the lever fiom a spring balance by a cord h, not far

from c. The force, /, indicated by the balance is to be

observed. The weight, d, is then hivug from the free

end of the lever, and the force {F) indicated is again

observed. Allowing as before for the weight of the

lever we find the force (-f

—

f=w) exerted by the

spring which balances the load TF at d. Then since

TF X ac= w X Jc, we have W= (_F—f) X hc^ao.

If the distance Ic is one fourth of ac, every ounce at

a will produce an effect at h equal to 4 oz. We might

therefore weigh a small object to ounces with a bal-

ance graduated only to 4 oz. (or \ lb.).

(5) Another method of weighing small objects is

to hang two spring balances, A and B (Fig. 166), from

Fig. 166.

nails ill the wall, 2 or 3 metres apart, then to connect

them by a cord ach. At the middle of the cord (c)

a ring (C) is hung so that the weight, W, may be read-

ily attached. Two pins are driven into the wall op'

posite points a and 5., on the cords at equal distances

(let us say just 1 metre) from c. A cord, db, is

stretched between them by means of two small

weights, / and g. The perpendicular distance, cd,

between c and ah is then measured.
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The vertical oomponeut of the force A registered

by the. spring balance near a, is by the triangle of

forces (§ lOo) equal to ^ X cd-i-ae. The vertical

component of the force, B, due to the spring bala,nce

near h, is similarly B X cd-i- hd. The total sum of

these components must balance the combined vi^eight

of the ring ( G) and of the load ( W). That is,

TF+ Q = AXcd^ac-[-BXcd-i- bo.

To eliminate the weight of the ring, the load (W)

Fig. 167.

is removed, and the experiment is repeated with the

ring alone, as in Fig. 167. We have, simila,rly,

C= Ax cd -h ac -\- B X cd -^ be.

Hence subtracting the last value (C) from the first

(W-\- C) we find the weight of the load (TT) in

question.

We will assume, for simplicity, that a and b are on

the same level. A slight difference in level will,

however, have no appreciable effect upon the result.

The sagging of the cord ab will probably be very

small, and will be eliminated in the method of differ-'

ence by which tite lesnlt is calculated.

The same method may be employed for the meas-

urement of large weights. If the angle acb is small

(see Fig. 168), it will be more accurate to calculate

cd from a measurement of ab, than to measure cd di-
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rectly. Let us suppose that the cords bB and aA

have been lengthened or shortened so that the.lineaJ

is horizontal. The vertical line cd will then be at

right angles with ab-, and since ac=^bG, ad:^bd=z

\ab. Knowing ad, we ma^' calculate ed by the Pytho-

gorean proposition —
cd= V iac)'^— (^ad)\

and hence find the load Cor Was before.

This method would be adopted in practice if for

any reason it were inconvenient to obtain a point of

.^^

•s-"

/'

/

.lU'Hi. tfv

cm
Pig. 169.

suspension directly above the weight. We should

prefer, however, to employ a lever long enough to

reach, as in (1) or (2), between two available points of

suspension, A and B, if it were possible to obtain

one of suitable weight and strength.

(6) To measure a weight (C, Fig. 169) when sus-

pended by a cord (ac) we may pull it one side by a

spring balance applied horizontally in the direction

cb. The reading of the balance (corrected by ioth

tables of ^ 158) gives the force B acting in the di-
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rection cb. This with the force of the cord acting in

the direction ba produces a resultant wliich balances

the weight of the body C. The direction in which

the weight C acts must be parallel to that of the cord

ac before the weight was disturbed. Since three

forces in equilibrium are proportional (§ 105) to the

sides of a triangle to which they are respectively par-

allel, we have B : C= bo : ae, or

C= B xbc-h ac.

Instead of measuring be directly, we may pull the

cord ae first one side to a point b, then in the oppo-

site direction to a point b' at a (nearly) equal distance

from e. These points may be marked by pins, b

and b' driven into the wall or into some other sup-

port behind the cord. The distance between b and b'

is then measured and divided by 2 to find the dis-

tance be. The point c may be found by a thread

stretched between the pins b and b'. In this case

the distance ae may be directly measured. Or tlie

distance ab may be found and ae calculated (since ab

is known) by the Pythagorean proposition.

ae= ^ (^aby — (bey.

By the use of very small deflections, we may meas-

ure weights many times exceeding the capacity of the

spring balances which we employ.
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EXPEEIMENT LXTI.

CENTRE OP GRAVITY.

^ IGO. Location of the Centre of Gravity.— A flat

board,^ hcde (Fig. 170), is suspended by a thread

abb'a' (Fig. 170, 1) passing through a fine hole bb' in

the board, and over a peg aa'. A plumb line, af, is

also suspended from the same side of this peg, so as lo

hang as close to the board as possible. A projection

of this line upon the board is to be traced in pencil'

(E^ig. 170, 2). The eye must be held in this process

Fig. 170.

so as to look perpendicularly upon the board (§ 25).

The bog,rd is then to be hung by another point, d (Fig.

170, 3), and another line drawn upon it. Then the

board is to be suspended from a third point, c (Fig.

170, 4), and a third line traced. All three lines

1 To lend interest to tins experiment the board may be made of

two thicknesses glued together, with a space (c, Fig. 170) between

them which has been hollowed out and filled with lead. An irregu-

larly shaped board may also be employed.
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should intersect at a point in the surface of the board

directly in front of the centre of gravity. If they

do not, the experiment must be repieated.

^ 161. Determination of "Weight by Displacement of

the Centre of Gravity.— A weight (w, Fig. 171) is at-

tached at a to one end of a board whose centre of

gravity (e) has been located (^ 160) ; and the board

is balanced upon a triangular piece of wood {d) or

upon a pencil. The line of the support (W Fig. 172)

is then marked upon the board, and two lines, ah and

cV are drawn fi'om a and c perpendicular to hU.

These lines are then carefully measured. If W is

->
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To find the distance of the centre of gravity from

an axis {bh') on wliich a body balances, it is only neces-

sary to know the weight of the body ( W), the load

(w), and its distance (aJ) from this axis. For an ex-

periment (due to Prof Hall) in which this principle

is applied, see Ex. 17 of the Elementary Physical

Experiments, published by Harvard University.

EXPEEIMENT LXIII.

BENDING BEAMS.

^ 162. Determination of the Stiffness of a Beam.

—

A square steel rod, ag (Fig. 173), is mounted on two

triangular supports with steel edges, i and j, 1 metre

Fig. 173.

apart. A screw with a micrometer head (c?) is ad-

justed po that its point just touches the middle of

the beam when a pan, m, is suspended from it by tire

wires hk. The micrometer is then read. A load, Z,

is next placed in the pan, and the micrometer is once

more adjusted until it touches the beam. The mi-

crometer is again read. Its point is then withdrawn.
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SO as not to be injured by the recoil of the beam

when the weight is removed. A new reading is

then taken with the pan (m) empty. If this differs

greatly from the first, the beam has probably been

permanently bent, and the experiment must be re-

peated with a smaller load. If the reading is the

same as before, a larger load may be tried. With a

steel beam 100 cm. long and not over 1 cm. thick, a

deflection of several centimetres should be possible

witliout injury to its power of recovery. To dis-

cover exactly when the point of the micrometer

touches the beam, we may make use of an electrical

contact.. One pole of a voltaic cell, b, is to be con-

nected with one end of the beam by a wire soldered to

it at a. The other pole is connected with one bind-

ing post of an electrical sounder o. The other bind-

ing post of this sounder is connected by a wire with

the metallic nut e, in which the micrometer turns.

The point of the micrometer and the surface of the

beam beneath it are scraped bright with a file (or

better, coated with platinum). When the point of

the micrometer touches the beam, the electrical cir-

cuit boeab is thus completed, and the armature of the

sounder is attracted. A motion of one thousandth

of a millimetre is suiEcient, under favorable circum-

stances, to make or break the contact.

Care must be take^n to prevent the beam from

twisting or rocking under the influence of a load.

The load should not bear more heavily on one side

of the beam than on the other. Both sides should

be supported alike at each end of the beam by the
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sharp edges i and j. Various deflections under dif-

ferent loads are now to be determined. Each deflec-

tion requires two readings of the micrometer, one

with, the other withbut the load. The distance be-

tween the supports i and / should be measured with

a metre rod, and the breadth and thickness of the

beams employed should be determined at different

points with a micrometer gauge (^ 50, II.).

(1) The deflection of a beam, let us say 1 cm.

square, is first to be determined with the supports

(i and y, Fig. 173) exactly 100 cm. apart, and with

a load causing the greatest deflection which can be

employed without permanently bending the beam,

or exceeding the reach of thfe micrometer.

(2) The deflection due to one half this load is

next to be found. The student should notice that

this deflection is almost exactly half as great as be-

fore (see § 115). If it is not, the measurements in

(1) and (2) should be repeated. The same should

be done if the zero-reading of the micrometer is

changed.

(3) To test the stiffness of the middle portion of

the beam, the supports i and J are to be placed 50

cm. apart,— that is, with half the original distance

between them. The rod is to be mounted upon

them as before, biit with 25 cm. or more at either

end projecting beyond the supports. The beam is

to be loaded with 4 times the weight used in (1)

or 8 times that used in (2). If the beam is equally

Stiff in all pafts, the deflection should now be the

sa;me as in (2). (See § 115.)
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(4) The experiment is next to be repeated with

the supports 100 cm. apart, with a beam twice as

broad as the one first employed, but having the same

thickness and bearing the same load as in (1). If

the material of the beam is the same as in (1), the

deflection due to a given weight should be the same

as in (2), since the breadth and weight have the

same relative proportion as in (2).

(5) The beam is now to be turned edgewise, and

loaded as in (3). The deflection is to be determined

as before. If the depth of the beam is just twice as

great as in (2), and the width the same, since the

force employed is eight times as great as in (2), the

deflection should be the same as in (2).

^ 163. Calculations relating to Flexure.— By five

measurements arranged as above, we are able to

test (in a single instance in each case) the applicaT

,tion of the laws of flexure stated in § 115. These

laws may be combined in a single formula. If I is

the length of a beam, h its breadth, t its thickness,

and d the deflection produced (all in cm.) by the

force / (in dynes) exerted by the load ; and if F is

the force necessary to produce a unit deflection in a

beam of unit length, breadth, and depth (supposing

such a deflection to be possible), we have^^

F = ^.
bdt^-

The quantity F is sometimes called the modulus

of transverse elasticity. Knowing this modulus,

we may evidently compute . any one of the five

23
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quantities, /, I, h, d, or t, if the other four are

known. The student should calculate the value of

F from at least one set of measurements. He

should also find, by the rule of simple proportion,

what force would be required to produce a deflec-

tion of 1 cm. in the case of each beam which he has

employed. Thus if, with a given beam, 1 kilogram

produces a deflection of 2 cm., 500 grams would be

the force required to produce a deflection of 1 cm.

The force (500 grams in this case) producing a

unit deflection may be taken as a measure of the

stiffness^ of the beam in question. The stiffness of

a beam is due to the fact that in order to bend it,

the under part must be stretched and the upper

part squeezed or compressed. The forces brought

into play by stretching will be measured directly in

Experimei^t 65.

experimp:nt lxiv.

TWISTING BODS.

^ 164. Effect of Couples.— An instrument serving

both to measure and to illustrate the effect of differ-

ent " couples " (§ 113) is shown in Fig. 174. It con-

1 Stiffness must not be confounded with breaking strength. A thin

beam, though more easily broken than a thick one, is not so in pro-

portion to its flexibility ; for by reason of its thinness it can bend

much farther than a thick beam without breaking. Both the strength

and stiffness of a beam are proportional to its breadth ; but the former

depends upon the square of the ratio which the thickness bears to

the length, while the stiffness depends upon the qube of this ratio.

(See formula aboveJ
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sists of a rod of ash (ty') L cm. square, driven into

a square hole in a block (y) which is fastened to the

floor. The rod passes through a large hole in a table

to a circular disc of wood (ec/) 20 cm. in diameter, at

the centre of which is a square hole (e), into which

the upper end of the rod is tightly fitted. Two
markers, b and g, measure the rotation of the disc

by means of a scale of degrees graduated on tiie

edge of the disc. At certain points of the disc {aba

defyh, Fig. 175), small screvY-eyes are placed so that

forces may be applied by cords attached to spring

Fig. 174. Fig. 175.

balances (a and A, Fig. 174). Tt is convenient that

four or more of the points {cdef. Fig. 175) should

be in the same straight line and at equal distances,

let us say 6 cm. The points a, b, g, and A (Fig. 175)

mny be placed so tluit ad, dg, be, and eh are at right

angles to cf, and each 8 cm. long. This will make

the diagonal distances ac, bd, etc., each 10 cm.

A very slight force applied at any point of the

disc will cause the rod cj (Fig. 174) to bend so as to

touch one side of the hole in the table. To keep
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the rod in the middle of this hole throughout this

experiment,! equal and opposite forces must be ap-

plied to the disc. If these forces are ap[)lied at the

same point, no effect will be observed. For instance,

two equal forces applied at d (Fig. 175) in the direc-

tions de and de (or in the directions da and dg) will

neutralize each other. Again, if the forces and their

points of application are all in the same straight line,

tlie effect will be zero. Thus a force applied at d in

the direction de will offset an equal force applied at

e in the direction ef. When, ho\vever, the lines in

which the two forces act are parallel but not coin-

cident, the couple which results (§ 113) will twist

the rod. The angle through which the rod is twisted

should be proportional to the magnitude of the couple

acting upon the disc. The magnitude of the couple

is equal (see § 113) to the product of either of the

two forces which constitute it, and tlie " arm " or

perpendicular distance between the lines in which

the forces act.

The student should satisfy himself that it makes no

difference where the " arm " is situated. Thus two

opposite forces of 1 kilogram each applied at a and b

or at c and d, at right angles to cf, will have the same

effect as if applied in the same manner at d and e, re-

.'ipectively. The student will notice, moreover, that

the rod is twisted but never bent by a pair of equal

and opposite forces, whether these be applied at equal

1 In trying tliis experiment, several students should work together.

One may hold and read one of tlie spring balances, anotlier the other

spring balance, while a tliird observes the deflection of the disc.
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or unequal distances from the centre of the dis^c. He
should also satisfy himself that with a given arm (as

for instance de), the rod is twisted through an angle

which is proportional to the forces employed (Jet us

say 1, 2, or S kilograms) ; and that the twists pro-

duced by given forces (e. g , 1 kilogram each) are

proportional to the arms to wliich they are applied.

Arms of the following lengths may be most conve-

niently employed : 6 cm. (^ab^ cd, de, ef, or ^/t) ; 8 C7n.

(at?, be, dj, or eh} ; 10 cm. (^ao, ae, bd, hf, go, ge, hd, or

hfy ; 12 cm. (ce or df} ; 16 cm. (^ag or bh); and 18

cm. (^cf). Two equal forces must be applied in all

cases in directions at right-angles to the arms, paral-

lel to tlie disc, and opposite to each other. They

should be made to twist the rod sometimes to the

right and sometimes to the left.

To measure accurately the angles through which

the disc rotates, both markers (b and g. Fig. 174) must

be observed. It is easy to calculate from a given case

by simple proportion what couple would be required

to twist the rod through 1°. This gives us a measure

of the stiffness of the rod ujider torsion which may

be called its coefficient of torsion.'

We next employ a rod, e'j', of half the length of ej

(Fig 174). This I'od must be mounted on a block

(/') much higher than/. We shall find, if the ma-

terial and the cross-section are the same, twice the

coefficient of torsion. If we use a rod of same

length, having, however, twice- the diameter, we shall

1 The coefficient of torsion must not be confounded with the

strength of a rod to resist fracture hy torsion. See note T 163,
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find a coefficient of tor&ion 16 times as great as be-

fore (see Laws of Torsion, § 116). It is thevefbre

important to measure and note the length and diam-

eter of the rods employed.

We shall apply the principles illustrated in this sec-

tion to the determination of the coefficient of torsion

of a wire.

^ 165. Determination of the CoefiScieut of Torsion cf

a Wire by means of a Torsion Balance. — A hard

drawn brass wire about 2 metres long and 0.25 mm.

diameter (about No. 31, B.w.G.) is stretched horizon-

tally between a knitting-ueedle (^bd, Fig. 176) and

a fixed support (A;). The joints should be soldered

both at and at k, or made equally firm in any other

mnnner.

/^

T"iG. 17G.

The knitting-needle is held in place by a paper

protractor fixed on the surface of a board (ae). The

board and protractor are pierced at the centre (c) so

tliat the wire may pass through. A thin strip (/A) of

some light wood, 20 cm. long, is attached at its central

point,
ff,

to the middle of the wire by sealing-wax.

From the ends of this strip two paper scale-pans are

suspended by threads. The " torsion " balance thus

constructed should not weigli more than one or two

grams.
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The knitting-needle is first set so that the beam
(/A) is horizontal. To do this, the beam must be
sighted with reference to the bars of a window, or

other horizontal line in the room. Tlie reading of

the needle is then found by observing l;oth ends.

Tliis is the zero-reading of the instrument. Then a

decigram is placed in one of the scale-pans', and the

needle is turned until the beam is again horizontal.

The decigram is then removed from the scale-pan,

and the zero-reading rc-determined. If any marked
change has occurred, the experiment must be re-

jieated. If the zero-reading is again disturbed, a

Aveight smaller than 1 decigram should be employed.

Tlie weight is to be placed first in one scale pan,

then in the other. In each case we note the angle

through which the needle must be turned to the right

or to the left from its zero position in order that the

beam may be made horizontal. It is well to observe the

zero-reading after the experiment, since the constancy

of this reading is the only safeguard against slipping

of the joints or permanent straining of the wires.

Since the balance beam is 20 cm. long, the average

length of each arm must be 10 cm. Since the weight

of 1 gram is about 980 dynes, that of 1 decigram will

be about 98 dynes ; hence the couple exerted by grav-

ity is 98 X 10 or 980 units. Tiiis is balanced by

twisting a certain portion of the wire Qcg') through

an observed number of degrees ; hence the couple

due to 1° is easily calculated. This couple measures

a coefficient of torsion of the wire (see ^ 164),

which will be needed in experiments later on.



360 DYNAMICS. [Exp. 65.

We notice that the portion of the wire between g

and /c is not twisted at the times of making ovu- read-

ingSj because the beam/A lemaius horizontal. Tlie

torsion of this part of the wire does not, therefore,

affect the result. The only use of the wire between

g and k is to keep the balance in place. The ienglh

of the wire between c and g should be measured, and

its diameter should be found iu several places by

means of a micrometer gauge (^ 50, II.). The

material should Also be noted, in order that we may

utilize our results in certain other experiments later

on.

expp:riment lxv.

STRETCHING WIRES.

^ 166. Young's Modulus of. Elasticity. — A fine

steel wire, about 0.25 mm. in diameter (No. 31,

^;:;;.H!'.'r'W''':"'iii;'':'''ir':"M":''iii'':;'"iir'!"iiii":"¥"nii
-^-'^

Fig. 177.

B. W. G.) and 1 metre long^ may, if made of the best

steel, be stretched 1 cm. without breaking, or losing

its power of recovery. We will suppose such a wire

to be held at one end by a small vice (<*, Fig. 177)

and attached at 'thfe other end (J) to a spring bal-

ance (c) held in place by a nail (ci). Let the read^
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ing of this balance be 0. Now let the wire ab be

stretclied to a point t', by placing the balance over a

nail (cZ), and let the new reading of the balance^ be

F, Then if the length of the wire thus stretched is

ab centimetres and the elongation is bb' cm., the

stretching of 1 cm. will be hb' -=- ab. This is called

the strain of the wire. When 100 cm. are stretched,

for instance, 1 cm., we have a strain of 1 per cent or

+ .01.

Now if the diameter of the wire is measured by a

micrometer gauge, and divided by 2, we have its ra-

dius, r. From this we can find the cross-section q by

the ordinary formula (^q = ir r^), or

q = 3.1416 X r^ nearly. I.

The cross-section can also be determined by finding-

the weight, w, of a given length (J) of the wire, if'

its density (c?) is known ; for since the volume of a'

wire is equal to ^ X /, we have by definition (§ 154)

d ^ w ^ ql, whence—
W XT

^ Id

We will suppose that by either of these formulae

the avemge cross-sectioh of the wire ab has been

found. Now let the force indicated by the spring

balance be reduced to dynes by multiplying by the

appropriate factor.^ Let us call this force in dynes /.

1 In practice a small force will be required to straighten the wire.

In this ease the force F, below, must be taken as the difference be-

tween the forces exerted by the balance at d and d'.

2 Thus in latitude 50° 1 kilogram is equal to about 981,000 dynes,'

1 lb. avoirdupois to 446,000 dynes, amd 1 oz. to 27,800 dynes, nearly.



362 DYNAMICS. [Exp. 65.

To find the iiiteusity of the force per square centi-

metre of cross-section of the wire, we divide it by

the cross-section in question. Tliu.s if the wire had

a cross-section of one 2,000th of a square centimetre

(.0005 cm^), a force of 5,000,000 dynes would repre-

sent an intensity of 10,000,000,000 dynes per square

centimetre (since 5,000,000 -^ 0005= 10,000,000,000).

The result is called the ^^ stress" exerted upon the

wire (§ 22).

It has been stated (§ 114) that for a given mate-

rial there is always a certain proportion between the

stress exerted upon it and the strain produced. The
ratio of the stress to the strain in the stretching of a

rod or wire is called " Young's Modulus of Elasticity"

If, for example, a stress of 10,000,000,000 dynes per

square centimetre produces in a steel wire an elon-

gation of one half of one per cent, that is, a strain of

+ .005, the Modulus of Elasticity of the steel is 10,-

000,000,000^.005, or 2,000,000,000,000 (two millions

of millions) dynes per square centimetre. The Modulus

of Elasticity has also been defined as tiie force neces-

sary (under Hooke's law, § 114) to produce a unit

strain in a rod of unit cross section ; that is, to double

the length of the rod. Evidently, if 10,000,000,000

dynes are required as above to increaise the length

of a steel rod, 1 cm. square, by one part in 200, it

would take 200 limes as much force to double its

length, provided that it kept on stretching at the

same rate ; hence we find 2 x 10^^ for the modulus

of elasticity, as before.

Few substances can be stretched one hundiedth
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piirt of their length without breaking. It is only in

the case of exceedingly elastic substances, like India

rubber, that the conditions suggested by the last

definition can be actually attained. In the case of

most substances, we can only calculate by the rules

of simple proportion what stiess would double their

length, provided that fracture or othei- changes did

not occur.

The student may notice that steel (see Table 9)

has the greatest modulus of elasticity of any known
substance, because it requires the greatest force to

produce a given amount of stretching ; or because,

in other words, it yields the least. A substance like

India rubber, which is in the ordinary sense particu-

larly elastic, has for this very reason a small modulus

of elasticity.

^ 167. Determination of Young's Modulus of Elas-

ticity.— The data necessary for a- determination of

Young's Modulus are, as will be seen from ^ 166,

(1) the length, (2) the cross-section of the wire to

be tested, (3) the elongation produced in it by a

given force, and (4) the magnitude of this force.

The length of a wire may be measured, without

any special difSculty, by a tape graduated in milli-

metres. The cross-section requires much greater

care, whether it be determined (as suggested in

^ 166) by measurements taken with a micrometer

gauge at different points, or by its length, weight,

and density. The principal diflBculty consists, how-

ever, in measuring accurately the elongation of the

wire, which is usually a very small quantity. To
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aX fc

make the elongation as large as possible, long wires

are usually employed.

One of the chief sources of error in measuring the

elongation of a wire under a given load is due to

the yielding of the support to whicli the wire is

attached. Various devices have been

suggested by which this effect may be

eliminated. The simplest is to meas-

ure the distance between two points

on the wire. This may be easily done,

when a double wiie is employed, by

means of two micrometers, a and b

(Fig. 178, 1), attached to the wall,

and adjusted so as to touch two ci'oss-

bars borne by the wires in question.^

To avoid the inconvenience of mak-

ing observations at a considerable

height above the floor, a wire is some-

times surrounded by a tube (a6. Fig.

178, 2) attached to it at a point a. If

the point a yields, a point b at the base

of the tube will yield by an equal

aniount. The height of this point (J)

and of a point (e) on the wire may be observed

(^ 262) accurately by a cathetometer. The in-

crease of distance between b and c is evidently

eqUal to the elongation of ac. In the Physical

Laboratory of Harvard University tl:e effects due

to the yielding of the support are avoided by keep-

PiG. 178.

1 This device is" due to Mr. Forbes, of the Eioxbury Latin Sdiool.
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ing the same weight alvvaj's npoii it. The wires

(which are nearly fi metres long) aie attached to a

beam by means of a piece of iron (aM, Fig. 178, 3)

shaped like an inverted T. At the middle of the T
a split plug (c) di-iven upwards into a vertical hole

firmly grasps the wire. Side wires from the arms

of the T hold a small platform (^) just above the

F;g. 179.

floor. The weights to be used in stretching this

wire are kept on this platform when not in use.

Obviously the beam and the stem of the T are sub-

jected to the same strain whether the load be sus-

pended from the central wire or by the side wires.

A stout ring (de, Fig. 179) is attached to the

central wire (b) by a split plug (c?). The stretch-

ing of the wire is measured by a micrometer, the
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point of which touches a small level surface on the

ring at e. The contact is determined by electrical

connections, as in ^ 162. Directly below the point

of contact a platform, /, is suspended, for the pur-

pose of holding the weights by which the wire is

to be stretched. There are many theoretical -objec-

tions to this form of apparatus, which being of no

practical importance have been left out of considera-

tion. It is obviously necessary that the wire sliould

be straight before the stretching forces are applied.

For this purpose, a small load is alwa3's kept on it.

In the apparatus shown in Fig. 179, the weight of

the ring (tie) and platform (/) should be sufficient

to sti'aighten tlie wire. In calculating Young's Mod-

ulus, we consider only the weight which must be

added to the load already borne by the wire, in

order to produce the observed elongation.

To determine the elongation in question, a reading

of the micrometer must be taken with arid without

the weight. Tlie difference in the readings gives,

allowing for the pitch of the screw (see ^ 52), the

distance through which the wire has been stretched

by the weight in question.

For a determination of Young's Modulus of Elas-

ticity, a fine steel wire will answer. Care must be

taken, however, not to bend the wire sharply over

the edge of the vices or split plugs to which it is

fastened. If the wire is 0.25 mm. in diameter, and

free from kinks or bends, it may be made to bear

safely a total load of 1, 2, or even -3 kilograms.

If/ is the force exerted by the weight when re-
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duced to dynes (see ^ 166), e the resulting elonga-

tion of tlie wire in cm., I the length in cm. of that

portion of the wire in which the elongation takes

place, and q its average cross-section in sq. cm..

Young's Modulus of Elasticity (-B) is found in

C. G. S. units (§ 8) by the formula

qe

or by the method of reduction explained in ^ 166.

EXPERIMENT LXVI.

BREAKING STRENGTH.

^ 168. Determination of the Breaking Strength of a

•Wire.— A steel or spring-brass wire about \ mm. in

diameter (No. 31, B. w. G.), free from kinks or sud-

den bends, is to be attached at one end to the eye

(Jb, Fig. 180) by which the hook (ho) is attached

to the spring balance (aSc). The other end is to

be fastened to some fixed point, as, for instance,

a nail (e) driven into a post (d). A bobbin, <?, is to be

cut out Cas shown in c' and a" of the eross-sections

2 and 3), so as to fit over the hook of the balance

without danger of turning. A few turns of the wire

are made about the bobbin ; the rest is wound around
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a post, d. The index of the balance is to be watched

as a steadily increasing force is applied to the wire.^

When the wire breaks, the raaximum reading is re-

corded- The position of the break must now be as^

certained. If it occurs at b, or between b and o, the

result must be thrown out. If the wire breaks-at e

or at d, the' accuracy of the result is doubtful; be-

cause a sharp bend in a wire where it passes round

a corner may cause it to break under forces far less

than its average breaking strength. If the break

occurs between c and d, the break is probably a fair

one. Enough wire will probably remain about the

post for several repetitions of the experiment. The

results should agree within five or ten per cent. Sus-

pected results, much smaller than the average, may
be discaided.

The cross-section of the wire must be found both

by measurements with a micrometer gauge and by

weighing a known length of the wire, let us say 1

metre, as accurately as possible. (See ^ 166, for-

mulae I. and II.) The density of steel may be taken

as 7.9, of brass 8 4 in this reduction. The student

should compute by simple proportion the force neces-

sary to break a wive one sq. cm. in cross-section ; he

may also calculate what length of the given wire

would brefdk under its own weight. Thus if 100

cm. of bra.ss weighs 0.42 grams, its cross-section must

be 0.42 -=- 100 -=- 8.4, or .C005 sq. cm. If it takes 2.94

kilograms to break such a wire, a wire 1 sq. cm. in

1 The hand should be held in such a position as not to be injured by the

hook when the spring recoils.
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cross-section would,, require 2.94 -=- .0005 or 5,88Q

kilograms to break it. At 0.42 grams per metre, it

would take 2.94 -h 0.42 or 7000 metres of the wire

to break uud«r its own weiglit.

Obviously the result of this calculation should be

the same whether a large or a fine wire is used, pro-

vided that the quality be the same, because both the

breaking strength and the weight of a wire increase

in proportion to its cross-section.

experimp:nt lxvii.

SURFACE TENSION.

^ 169. Determination of the Surface Tension of a

Liquid.— I. A piece of fine iron wire is bent as in

Fig. 181, so as to form a fork i^fbg) with parallel

prongs {fjfand eg) about 2 om^ apart. Xhe
fork is then suspended from the hook of

a balance (a) so as to dip into a beaker

of water, as in the hydrostatic method

(Exp. 9). Tiie fork must be entirely cov-

ered hy water when the balance beam

is lowered see (^ 19) ; but when the latter

is raised, the prongs only must dip into the. water.

The weight of the fork is fii'st balanced as accu-

rately as possible ; then the fork is lowered into the

water, and suddenly laised out of it. A film of water

will probably be found to fill the space between /ccZe^j'

and the surface of the water. This film will tend to

pull the fork back into the water. To balance the

24
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pull which it exerts, an additional weight of about

3 decigrams must be placed in the opposite seale-

jjan. This weight is to be adjusted, b}- a number of

trials, as accurately a-a possible. As tlie film gradu-

allyevapora'tes, it becomes ligliter and lighter; but as

its weight is, in any catse, so s'lliall that it may be neg-

lected, the change df weight will probably have no

visible effect. The student wifl notice that the ten-

sion of the film of water remains sensibly constant as

it grows thinner and tliinner, until it breaks. This

is entirely unlike the tension of solid substances,

which depends upon tlieir cross-section. The ten-

sion which liquids exert depends simply upon the

breadth of the surface which tends to contract, not

on the cross-section of the .solid contents included

by thait surface. For this reason, the phenomenon

is called " surface tension."

In 'the case under consideration, the film has two

surfaces, each Jet us say -2 cm. broad. Tlie tottil

breadth of surface is therefore 4 cm. The student

is to calculate what force (in dynes) is exerted by a

single surface 1 cm. broad.

The surface tension of liquids depends upon tem-

perature ; hence the (Temperature shoiild be noted. It

is greatly affected by impurities in the liquids. An
invisible quantity of oil, foT instance, produces vari-

ations of ten or twenty per cent. Great care must

therefore l)e employed in obtaining the purest dis-

tilled water. Both the inside of the beaker and the

'lower part of the wire should be cleaned with daustio

potashi and afterwards rinsed in several chahgeS of
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di-stilletl water. The parts thus cleaned must not

afterwards be touched by the finger.

II. A piece of thermometer tubing with a round
bore about I to h mm. in diameter is carefully cleaned

with caustic potash, which may be sucked through

it with a medicine dropper (of course not by the

mouth), then cleaned with distilled water. It is now
• dried by heat and filled with mercury. The contents

are to be placed in a beaker, and weighed. If the

quantity of mercury is too small to be weighed accu-

rately, ten tubefuls may be weighed together (§ 39).

The length of the tube is to be meas-

ured. The tube is now placed in a

clean beaker containing pure distilled

water (see I.). It should .be at first

inclined somewhat, so that the water

which rises into it thi'ough " capil-

lary attraction " may tlioroughly wet

its inside surface. Xt is next made

vertical (see Fig. 182). The height of

the column of water in the tube above

the level in the beiiker is then meas-

ured, both when it barely dips into tlie

water, and when it dips so deep that the water rises

nearly (but not quite) to the top of tlie tube. Other

measurements should be taken similarly with the

tube turned end for end. All results should agree

closelj', if the tube is of uniform calibre.

^ 170. Calculations relating to Capillary Attraction.

— If w is the weight in grams of the mercury which

fills a tube, 13,6 the density of the mercury, and I

Fig. 182.
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the length of the tube in cm., the cross-section is

(see ^ 166, formula 11.)

w
^ 13.6 Z

The radius of the tube is connected with the cross-

section by the formula

q = Trr^
;

hence, solving, we find

r^ 4/ .? ^ 0.564 ^/q, nearly.
IT

If h is the average height of the water in the

tube above its level in the beaker, 1.00 the den-

sity of water, the volume of water raised is qh, or

Trr^h; the weight in grams is 1.00 X qh, or 1.00 x Trr^h,

and the weight in dynes (allowing g dynes to the

gram) is qhg, or Trgr^h. This weight, neglecting tlie

bu'oyanc'y of the atmos^phere, is sustained by tiie ten-

sion of a film lining the inside of the tube. Tiie

breadth of this film is evidently equal to the circum-

ference of the tube (27rr). If a film 2Trr centimetres

broad can sustain a force Trgr^h dynes, a film 1 cm.

broad would evident!}' t^ustain irgr^h -=- 27rr, or |- grh

clj'nes. That is the "surface tension" of water (^S)

is given by the formula

jS=
I
grh = 490 rh dynes per centimetre (nearly).

Obviouily, if S is constant, the product, r X h, must

be constant; that is, the height to which a liquid will

rise in a tube is inversely as the radius of that tube.
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EXPERIMENT LXVIII.

COEFFICIENT OF FRICTION.

^ 171. Determination of Coefficients of Friction.

—

I. A piece of planed plank (b, Fig. 183) measuring

let us say 5 X 20 X 40 cm., is di'avvn horizontallj' by

a .spring balance, a, over a planed board c. The force

necessary to maintain a uniform velocity after the

plank is once started, is observed and noted. Then

the plank is suspended from the spring balance and

weigiied. The ratio of the force required to draw a

body to the force required to lift it is called a " co-

Fig. 183.

efficient of friction." The coefficient of friction in

this case is that of wood on wood. If the force of

traction varies in different parts of the board, the

average should be calculated ; and from this the

average coefficient of friction may be found. It is

instructive to repeat the experiment with the plank

edgewise, so as to see whether the diminished area of

the surfaces in contact is or is not compensated for

by the increased intensity of pressure. For a fair

comparison, the side and the edge of the plank
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should of course be equally smooth, and both par-

allel to the grain of the wood.

The experiment may also be repeated with the

plank flatwise, but with a heavy weight upon it as

in the figure. The value of this weight should be

found as in ^ 159, and added to that of the board,

in calculating the coefficient of friction in question.

The student will notice that it takes considerably

more force to start a body than to drag it after it is

once started. This is attributed tO: the cohesion of

Fig. 184.

particles which takes place at various, points, partic-

ularly when two surfaces remain long in contact.

The ratio of the force required to start a body when

resting upon a horizontal surface to the force re-

quired to lift it is sometimes called the '' coefficient

of starting friction." This must not be confounded

with the oi'dinary "coefficient of friction."

II. The board A (Fig. 184) already used in I.

is inclined (by means of a nail, J., and a block 2>)

so that the plank n, when once started, slides dawn

it with uniform velocity. A measuring rod BC is

placed at a point B, 1 metre from J;, and the verti-
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cal distance BC to the under side of the board is

then measured' The "slope" of the under surface

{BG ^ AC} is thus, found. The slope necessary to

maintain a unifornr velocity may not be the same

from one end of the board to the other. If it is not

the same, the average slope should be calculated.

If we resolve the weight of the block ao into two

forces, one, ab, perpendicular to the board AO,^ the

other, be, parallel to it, then by definition (see I.)

the coeflBcien-t of friction is be -=- ab ; but, by similar

triangles, this is equal to the ratio of BG to. AB^

which measures the "slope " of tlie board AG. The

average slope whlcli must be given to this board in

onder that the planfc, when once started,, may slide

down it with uniform velocity, gives accordingly the

" coefficient of friction" between the two surfaces in

contact. Tlie result should agree closely with that

determined as in I.

^ 172. Fluid Friction. — When a well-shaped boat

moves through water with a velocity of v cm. •per

sec.., the opposing force (JF) which it encounters is

approximately equal to the square of this velocity

multiplied by the area (a) of the surface wet by the

water, measured in %q. cm.., and by a certain constant,

/(about -003), which is called |he coefficieni offriction

of water, that is :
—

I' = fav^ dyneH'.

Coefficients of fluid friction must not be con-

fOiU.nded with coefficients of friction in the case of

solids, which are calculated in an entirely different
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waj^ The frictional resistance between two solid

surfaces depends, as we have seen (^ 171), upon

the pressure between them, but not upon the rela-

tive velocity of the surfaces. On the other hand, the

resistance offered by a fluid to the motion of a solid

does not depend upon the pressure between the sur-

faces in contact, but does depend upon their relative

velocity. The nature of the fluid, the shape and

smoothness of the solid, modify the result ; but the

material of which the solid is composed is generally

unimportant. The resistance offered by fluids to the

motion of solids or the reverse depends upon dis-

turbances which are wholly confined to the fluid.

Every fluid has, therefore, its own coefficient of

friction.

When a current of water flows through a large^

tube of the length I and radius r (both in cm.^, since

the area of wetted surface is iirrl, the force oppos-

ing the flow is

^=27r»-Z/z;2 (dynes). (1)

This force is supplied by the pressure (p) of the

water (measured in dynes per sq. cm.) exerted upon

an area equal to the cross-section (vrr^) of the tube

;

that is :
—

(2)
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The velocity (ti) can be estimated from the cross-

section of the tube and from the volume of water

which .flows through it in a given length of time

(^ 147, 4) , the pressure may be found by a pressure-

gauge (see Exp. 69) at the point where the water en-

ters the tube, provided that there is a free outlet at

the other end, and that both ends of the tube are on

the same level. If, as in Fig. 185, one end is higher

than the other by an amount ae, equal let us say

to h, then if g is the. acceleration of gravity and

1.00 the density of water, the hydrostatic pressure

is (see § 63)

p = 1.00 ffh, nearly. (5)

The length (?) of the tube may be directly meas-

ured. The capacity (c) may be found by measuring,

or (as in ^ S2), by weighing the quantity of water

required to fill it. The cross-section (j) may then

be calculated by the equation-

Hence the radius (r) is given by the formula —

^ = /5^ = /^ (7)

The coefficient of friction, /, may now be calcu-

lated by formula (4), since all the quantities are

known.

The " resistance " of a tube to the flow of a given

liquid may be defined as the. pressure in di/nes per

sq. cm. required to maintain through that tube a flow
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of 1 CM. cm. per sec. Thu& if a rubber tube (a6,,Fig.

185) 2 metres, long and; 3 mm. In diatJieter is used as

a siphon to conduct waiter from a cistern, a., tp a.

point b, it will be found that the outlet (6) must

be about 10; cm. below the level («)' in the cistern in

order that water may flow; through a,b aj; the rate of

1 cu. cm., per sec. The hydrostatic pressure coi'res-

ponding to a difference of level of 10 cm. is nearly

10 grams per sq. cm., that is, 9800 dynes per sq. CTfii.

The "resistance " is therefoi'e about 9800 units.

The resistance of a conduit may also; be defined as

^fr-r^'Tw'&'
ipacs

i'lG. 185.

the power (in ergs per second) necessary to maintain

a unit current (1 cu. cm, per sec.) through the con-

duit in question. This definition bears a strong re-

semblance to the definition of electrical resistance

(§ 136). The fact that power is required to main-

tain a current through the tubes and valves of a

water-motor, together with the friction between llie

solid parts of the motor, will be found to modify the

" efficiency " of the machine. The next experiment

relates to determinations of "efficiency."
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EXPERIMENT LXIX.

EFFICIENCY.

^ 173. Nature ol Efficiency.— Let US suppose tliat

a 20^kilogram weight is suspended by a tackle (Fig.

186) consistiijg of two double blocks, witli four cords

passing between them. Let us first suppose that the

cords run with absolute freedom round

the pulleys which the blocks contain. f.yi—wmLA-^\
The force on each cord must evi- 1*

dently be 5 kilograms ; and a force' of "^

5 kilograms, applied by a spring bal-

ance to the free end of the cord, as

in the figure^ will just hold the weight

in place. If the weight were started

upward by any impulse, no matter

iiow small, the force of 5 kilograms

constantly applied to the free end of

the cord would (in the absence of fric-

tion) continue to raise it with a uni-

form velocity, until the two- blocks

met together. If the two blocks were 1 metre apart

in the beginning, we should have 20 kilograms raised

by the tackle through a height of 1 metre. Each

of the four cord.s would be shortened 1 metre in this

process , hence there would be 4 metres of sl'ack to

be taken up at the free end of the cord. The spring

balance must accordingly retreat 4 metres. The work

spent upon the machine by a force of 5 kilograms re-
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treating 4 metres (20 kilogram-metres) , "would Le the

same as that utilized ,by the machine in raising 20

kilograms 1 metre high (see § 14).

Let us now suppose that a slight downward im-

pulse is given to tlie weight, so that it descends to

its original position. The work spent by gravity

upon the machine, being 20 kilogram metres as be-

fore, is utilized in pulling the spring balance forward

through a distance of 4 metres. In the absence of

friction, the pidl would be 5 kilograms as before.

The amount of work utilized (20 kilogram -metres)

would be equal, accordingl}-, to the amount spent

upon the niiichine.

It is not necessar}'^ to consider the magnitude of

the im[)ulse by which the weight is started upward

or downward ; for if the weight moves with uniform

velocity, it is capable of giving back this impulsCj

when it has been raised or lowered to any desired

point (see § 121), in the act of stopping, when its

energy of motion is lost. In the absence of all fric-

tion in the pulley-wheels, stiffness in the cords, and

resistance in the air, a tackle devoid of weight would

constitute a theoretically perfect machine,— that is,

all the work spent upon it would be utilized by it.

In practice, a considerable part of the work spent

upon a machine is always transformed by friction

into heat. That proportion of the work spent upon

a machine which is utilized by it is called the

" efficiency
"' of the machine.

Let us suppose that, instead of 5 kilograms, a force

of 10 kilograms is required to raise a 20 kilogram
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"weight by means of the tackle represented in Fig.

186. Then since, in raising 20 kilograms 1 metre,

10 kilograms retreat 4 metres, the work spent is 40

kilogram-metres ; but the work utilized is only 20

kilogram-metres. The " efficiency " of the tackle as

a machine for raising weights is accordingly |^ or

50%.

Again, let us suppose that a weight of 20 kilo-

grams, descending one metre, exerts a force of only

2 kilograms on the spring balance, which advances

4 metres. Then the work spent by gravity is 20

kilogram-metres, but tliat utilized is only 8 kilo-

granl-metres ; hence the efficiency of the tackle as a

machine for utilizing, potential energy (§ 122) is ^
or 40%.

Finally, let us consider the tackle as a machine

for storing and utilizing energy. A force of 10 kilo-

grams is required to raise the weight, and this force

must retreat 4 metres to raise the weight 1 metre.

40 kilogram-metres of work are thus spent upon the

machine. The free end of the cord is now attached

to some resistance which it is desired to overcome.

A force of 2 kilograms is thus applied through a

distance of 4 metres. The work utilized by the

machine is only eight Idlogram-nietres. Evidently

the efficiency of the tackle as a machine for storing

and utilizing energy is only ^^ or 20%.

When energy is stored in a machine, part of it is

lost. When this energy is utilized, part of what is

left is lost. When energy undergoes a series of

transformations, a certain proportion is lost in each.



882 WORK. IEXp i69.

Obviously, in stating the efficiency of a niachin©,

it is necessary to specify where or how the work is

Spent upon it, and where or how the work is utilized.

Fig. 187.

^ 174. Determination of the EfEdiency of a Water-

Motor. — (1) To find the work utilized 'by a water-

motor, the circumference of the driving--wheel (e,

Fig. 187) is first measured, then two spring bal-
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ances, a and S, are connected by a cord {cd") pass-

ing round the wheel. The motor is then started,

and the tension of this cord increased until, through

the friction which it exerts upon the wheel, the

velocity of the latter is reduced to abdiit one-half

of its maximum. The speed of the wheel is then

determined by counting the number of revolutions

iflade in a given length of time. The reading of

each spring balance is also found. Ai it varies,

several observations must be made, and the mean

calculated.

The difference between the two readings is equal

to the force opposed by friction to the motion of the

rim of tlie wheel, and must be reduced to dynes or

megadynes. If the value of this force iu dynes is ^f,

if the numb&r of revolutions in one second is w, and if

c is the circumference of the wheel in centimetres,

then in traversing the distance on centimetres against

the force F dynes, the work done must be cn'E' ergs.

If we suppose that the force reduced to megadynes is

tqual to/, then cm/ ^represents the work in megergs.

Since crif megergs of W'brk are performed against

friction in 1 second, and might be utilized for turn-

ing machinery (see \ 175), we infer that the work

tlius utilized would he cvf megergs per second.

This measures, therefore, the 'power of the machine,

(2) To find the work spent in driving the motor,

we must measure the quantity of water which jjasses

through it in a given length of time. The Avater may

be collected in a stone jar (^, Fig. 187), and weighed

on a pair of rough platform-scales (Fig. 188). The
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pressure of the water must also be found by means of

a pressure-gauge connected with the supply pipe (see

Fig. 187). The gauge should be as nearly as possi-

ble on a level with the outlet by which water escapes

from the motor. The pressure must be reduced to

dynes (or megadynes) per square centimetre. If v is

the calculated volume in cubic centimetres of the

water which flows through the motor in one second,

and if P is the pressure of this water in dynes per

square centimetre, then the work spent on the motor

Fig. 188.

is vP ergs per second (see § 118). If ^ is the value

of this pressure when reduced to megadynes per

square centimetre,^ then the work spent on the

machine is vp megergs per second.

(3) For the accurate determination of efficiency,

it is desirable to make simultaneous determinations of

the power utilized by the motor, and of the power

spent upon the motor. For this purpose, it is well for

several students to work together. One may, for in-

1 The ordinary atmospheric pressure (15 Ihs. per sq. in.) is equal

very nearly to 1 mcgadyne per square centimetre. See Table 50.



1 175,] EFFICIENCY. 385

stance, record the readings of the spring balance, a,

another those of J; a third those of the pressure-

gauge ; a fourth may attend to turning the stream of

water into the stone jar at a given time, and cutting it

ofE at a given time ; and a fifth may count the number

of revolutions made by the wheel of tlie motor in the

interval in question. When tiie experiment is per-

formed by a single person, the mean readings of the

balances and pressure-gauge must be inferred from

observations just before and just after the determi-

nations of velocity.

To calculate the efficiency (e) of the motorj the

work utilized in one second by the machine is to

be divided by the work spent in one second on the

machine. We have, accordingly,—
cr>.f

vp '•

In repeating the experiment, the tension of the cord

should be increased or diminished. The maximum

power of a water-motor is usually realized when, by

the resistance which it has to overcome, the speed

of the motor is reduced to about half its maximum

speed. To obtain the maximum efficiency, the speed

of the motor must be still further 'reduced.

^ 175. The Transmission Dynamometer.— To meas-

ure the power of a motor actually doing useful work,

a transmission dynamometer must be employed. One

of the simplest forms of this instrument is represented

in Fig. 189. Instead of carrying two cords (e and d')

from the driving-wheel (^) of the motor to two spring
25
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Fig. 189.

Ijalanees (a arid J) as in Fig. 187, these cords are

made to pass around two pullej^s (a and h, Fig. 189)

to a second wheel (A), to which the motion is thus

transmitted. The pulleys are suspended by two

spring balances (J. and B). The

work done hj the motor depends

as before upon the difference in

tension of the cords c and d ; but

if the pulleys run freely, the ten-

sion of e and / will be the same

as that of c and d respectively ;

hence the forces A and B regis-

tered hy the spring balances A
and B (allowing for the vveight

of the pulleys) will be 2c.and 2d,

respectively. It follows that

(^c-d) = \ (J.--B). The difference between the read-

ings (^A and Z?) must therefore be halved in order to

find the difference of tensidn between tiie cords ^ c

and d.

When the wheels move so fast that the revolutions

cannot be counted, we may find the velocity of the

cord, cdef, by measuring its length and counting the

successive returns of a knot in the cord taking place

in a given length of time. In other respects the work-

utilized is calculated as in ^ 174, 1.

1 In practice, if the cord c is approaching g tlie tension on c will

be a little greater than on c; and the tension on d will be a little less

than on f, lienee the difference of tension between c and d will be

greater than the difference between e and/! That is, the work done

by g will be a little greater than that received by h. Tlie average

between these two quantities is measured by the dynamometer.
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EXPERIMENT LXX.

MECHANECAL EQUIVALENTS.

^ 176. Different Methods for determining the Me-

chanical Equivalent of one Unit of Heat — (1) If a

weight (cZ, Fig. 190) is suspended by a cord passing

over a pulley (a) and round an axle (c), surrounded

with water in a calorimeter, and made to descend

slowly to a position d', by applying a suitable resist-

ance through a friction-brake, b, the work done by

gravity in pulling the weight, let us say w,

through tlie distance I (equal to dd) will T?k

nearly all be converted by fiiction into Hp
heat within the calorimeter. Let us sup-

pose that the total thermal capacity of the

calorimeter and its contents is c, and that

its rise in temperature is t° ; then the

quantity of heat developed is ct. If grav-

ity exerts a force of g dynes on one gram,

it will exert wg dynes on w grams ; and a

force of wg dynes acting through the dis-
'""'

tance I, must perform a quantity of work ^^°' ^^°'

equal to wgl ergs (§ 14). If wgf, ergs are equivalent

to et units of heat (§ 16), one unit of heat must be

equivalent to u'gl -i- ct ergs. To obtain exact results,

allowances must be made for the friction of the pul-

ley, a, for loss of heat by cooling, etc. By a device

similar in principle to the one described above, Joule
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found that the mechanical equivalent of one unit of

heat is about 41,660,000 ergs.

(2) Two heavy iron bars, A and B, suspended as

shown in Fig. 193 , may be released simultaneously by

burning a cord (see ^ 148) or by electrical means, so

that when the bars meet endwise, a lead bullet (6)

may be crushed between them. The work done by

gravity in giving velocity to the bars is thus nearly all

transformed into heat, through friction of the parti-

cles of lead against one another. Most of the heat

will accordingly be found in the bullet. If the bullet

is immediately lowered into a small calorimeter (c),

the quantity of heat may be measured in the ordi-

i::^:^:

2?IG. 191.

nary way (see ^ 92). To obtain exact results, an

iiUowance must be made for the energy of motion

which remains in the bars after impact. If Z is the

difference between the original height of the bars and

the height attained by them in their rebound, and w
their combined weight, the work done by gravit}' is,

as in (1), wgl. There is no way of allowing accu-

rately for the energy taken up by the bars in the form

of vibration, or for the energy of motion directly con-
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verted within the bars into heat. It is said that tlie

proportion of energy thus lost is small.*

(3) By measuring the temperature of a water-fall

above and below the fall, it would be possible to esti-

mate the mechanical equivalent of heat. Thus if the

water is 0°.l warmer at the foot of Niagara Falls than

above the falls, where the height is 42.5 metres, we

should infer that to cause a difference of 1°, a water-

fall mast be 425 metres high. Each gram of water

falling 425 metres, or 42,500 cm. under a force

of 980 dynes, nearl}', must receive from gravity

980 X 42,500, or nearly 41,660,000 ergs, iu the form

of energy of motion. If the conversion of this energy

into heat warms it 1°, then the mechanical equivalent

of 1 unit of heat must be 41,660,000 ergs.

In practice, the diffeience of temperature between

the top and bottom of a water-fall is generally too

slight to be measured accurately with ordinary in-

struments. Unless, moreover, the volume of a water-

fall is very great, evaporation and otlier causes may

affect the result. A rough experiment illustrating

this method of determining mechanical equivalents

will be described in the next section.

^ 177. Determination of Specific Heats by Mechan-

ical Equivalents.— A kilogram of lead shot is placed

in a pasteboard tube (ac, Fig. 192) about 5 cm. in di-

ameter and 120 cm. long, closed by two corks, a and c.

1 For an experiment similar in principle, performed by Hirn, see

Trowbridfre's New Physics, Exp. 105. This modification of Hirn's

method is due to Professor Guthrie. The geometrical principles

connecting arcs and heights have been already considered in the

case of a ballistic pendulum (see § 109).
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The free space between the cork, a, and the level of

the shot, S, is to be measured with a metre rod. The

cork (a) must be removed for this purpose, and its

thickness allowed for. A thermometer is now fitted

Ihrougli the cork («', Fig. 193) so that by inclining the

tube the bulb may be completely surrounded by tlie

bhot. The temperature of the shot is to be taken

;

tlien the thermometer is removed and the hole closed

ajm by a wooden plug. Tlie tube is now inverted

100 times in rapid succession. During each

inversion the centre of the tube is held at a

fixed height. The shot are kept at one cinl

of the tube by centrifugal

force until this end comes

vertically over the other.

Then the rotation should

cease, so that the shot may fall through tlie

distance ab almost like a solid mass. Care

must be taken, however, not to heat the shot

Fig 192
*-'i'<^"gh agitation which would result from too

suddenly arresting tlie motion of tlie tube.

The cork, c, should be supported by a table or other

solid object so as not to yield under tlie blow given

to it by the shot. Under this condition only, the

energy of motion of the shot will be converted into

heat within the mass of shot. The temperature of

the shot is again observed in the same manner as

before. It should have risen 5 or 6 degrees.

The experiment is now to be repeated with 1 kilo-

gram of a substance in the form of shot, but of un-

known specific heat i for instance, an alloy of zinc
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and lead. If this substance takes up more space

than the lead, the distance fallen through in each

reversal of the tube will not be quite so great. In

this case more than 100 reversals may be made. The

total distance fallen through should be as nearly as

possible the same. Thus, if the distance a6 is 100

cm. in the case of the lead shot, and 98 em. in the

case of the alloy, the tube should be reversed 102

times in the latter case, instead of 100 times.

^ 178. Calculations relating to Mechanical Equiva-

lents.— If s is the specific heat of the lead shot, w its

weight in grams, g the weight of 1 gram in dynes, d

the distance in cm. fallen through in each reversal,

n the number of reversals, and J the mechanical

equivalent of 1 unit of heat, then the total work

done by gravity is evidently wg X nd ergs ; and the

heat into which it is converted is (neglecting all

corrections) wst units, which is equivalent to Jwst

ergs. We have, therefore,

—

Jwst = wgnd ;

whence

^ ndg

It is interesting to compare the value of J calcu-

lated by this formula with that found by Joule (see

^ 176, 1). On account of rnany large corrections

which have not been considered, the result will

probably be too great by some 20 or 30 per cent.

The principal source of eiTor usually lies in the

cooling of the shot by contact with the sides of the
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pasteboard tube. This can be avoided by cooling

the shot before the experiment to a temperature

about 6° below that of the tube. Before repeating

the experiment, the tube must be allowed to return

to its original temperature. The remaining errors

have been found in the long run to balance one an-

other with a probable resultant of about 10 per cent,

which may be positive or negative according to the

manner in which the manipulations are performed.

Instead of computing the mechanical equi%'alent of

heat, we may calculate tlie speciiie heat of the lead

shot by the formula—
71dg

where J" may be taken as 41,660,000 ; and if we dis-

tinguish by a prime (') the qualities of an unknown

substance, we find similarly,—
,_ n'd'g

Jif
'

Dividing, we find

/ n'd't , sn'd't^^ or s = ^^_^^__

s 7idt' ndt!

In other words, the specific heats of two substances

are to each othei' as the .distances through which they

must severally fall in order that each may be raised

1° in temperature. On account of the manner in

which the two experiments are performed, the values

of s and «' should be affected by constant errors in the

same proportion, and lience the ratio between them

will be affected only by accidental errors (§ 24). The
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last formula is therefore less inaccurate than the pre-

ceding formulae. To obtain the most accurate results

by the aid of mechanical equivalents, as has been de-

scribed, special devices should be employed to limit

the fall of the shot to a given distance. In the ab-

sence of due precautions in this respect, the results

must be expected to compare unfavorably with those

obtained by the ordinary methods (see Exps. 33 and

34). It is nevertheless considered desirable that a

student should familiarize himself with a definite

example of the conversion of work into heat.
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MAGNETIC MEASUREMENTS.

EXPERIMENT LXXI.

MAGNETIC POLES.

^ 179. Determination of the Distance between the

Poles of a Magnet.— Compound magnets composed of

thin strips of steel bolted together will be found

convenient for several experiments in

-^= magnetism. Such a magnet, formed of

pieces of clockspring, 10 or 15cm. long,

and 1 or 2cm. broad, is represented in

Fig. 194. In fitting the strips together it may be

necessary to soften them by heat ; but their temper

must be restored (by again heating and suddenly

cooling them) before they can be thoroughly mag-

netized. Each strip should be magnetized separately

by stroking one end of it ten times from the centre

outward with or upon the south pole of a powerful

electromagnet. This end will become a north pole

(§ 126). The otlier end is then to be magnetized

similarly by the north pole of the electromagnet.

The strips are afterward bound together with

all the north poles turned carefully in the same

direction.
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A piece of " ferroprussiate paper " ^ prepared for

making " blue prints " is now to be stietclied flat,

over a pane of window-glass, or over a stiff piece of

pasteboard, with the sensitive surface uppermost.

It is then to be placed over a powerful bar magnet

constructed as has been described ; and a few iron-

filings are to be scattered over it. When the paper

is jarred the iron-filings will arrange themselves as

iu Fig. 195. The sensitive surface is now to be'ex-

•:/:;^:pX'

Fig. 196.

posed for about five minutes to direct sunlight, or to

the light of the sky for a much longer period, until

the surface not covered by the filings becomes quite

1 To prepare ferroprussiate paper, take 1 gram citrate of iron and

ammonia, 1 gram red prussiate of potash, pulverize, together and dis-

solve in 10 grams of water. This quantity should cover 20 or SO

square decimetres of smootli (not porous) paper. It should be ap-

plied by lamplight, as rapidly and evenly as possible, with a small

sponge, in strokes first lengthwise tlien crosswise, then dried in the

dark. The student is cautioned tliat all "prussiates" are poisonous.

Ferroprussiate paper, already prepared, may be bouglit of dealers in

photographic apparatus.
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blue. It is then to be placed in the shade, and the

iron-filings removed.

The surface covered by the iron-filings sliould not

have been affected by the light ; hence the arrange-

ment sliown in Fig. 195 should be represented by a

white tracing on a blue ground. To make the print

permanent, it is necessary to soak it in water for

about ten minutes, after which it may be dried in the

sun. To avoid delay in waiting for the print to dry,

the student is advised to defer this " fixing process
"

until the end of the experiment. In the meantime,

t-<

Fig. 196.

the print should be protected from excessive light

either from the sun or from the skj'. It may be illu-

minated freely by lamplight or gaslight.

The magnet is now to be placed over the print, di-

rectly above its former position. A small compass

with a needle not more than 1cm. long, is to be put

beside the magnet at different points in the print,

The direction of the north pole of the compass-needle

is to be indicated in each case by an arrow drawn in

pencil upon the paper (see Fig. 196). The direction

of the arrows should agree closely with the lines of
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iron-filings, although the compass-needle is in a

slightly different plane. The results of this experi-

ment will be somewhat affected by the earth's magne-

tism. It is well, therefore, to note the direction (sw)

in which the compass points when the magnet is re-

moved to a distance.

A line AB is now drawn so as to bisect as nearly as

possible the areas iV and S, from which the " Hues

of force "
(§ 127) seem to diverge. The line {AB}

should agree with the general direction of the lines

of force between iVand (S*, whetlier indicated by the

compass-needle or by the iron-filings. The areas N
and S-dve again to be bisected by lines ((72) and UF^
perpendicular to AB. These lines should cut the edge

of the areas (2V" and »S') at a point where the lines of

force are also perpendicular to AB.

The positions of rlie poles iVand jS" are determined

by the intersection of the first line (AB) with the

perpendiculars ( CD and UF.) The distance between

the poles is to be measured- The experiment is to

be repeated with at least two other magnets as

nearly as possible like the first.

The student may be interested to make prints

showing the arrangement of iron-filings due to two

parallel magnets, both when their north poles are

turned in the same direction and when turned in

opposite directions.^

1 See Experiment 40 in the Elementary Pliysical Experiments

published by Harvard University.
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EXPERIMENT LXXII.

MAGNETIC FORCES.

5[ 180. Determination of the Strength of Magnetic

Poles. — One of the magnets (e/", Fig. 197), used

ill Experiment 71, is now to be placed horizontally

in the pan-holder (c) of a balance (the pan being re-

moved), and counterpoised bj' an observed weight

Fig. 197.

in the opposite pan (a). A second magriet (^gJi) is

to be placed directly under the first, and parallel

to it.

The north poles are at first to be turned in oppo-

site directions, so that the magnets may attract each

other. Small blocks (h and, CT) are now placed be-
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tween them to keep them apart. The thickness of

the blocks should be such that when the balance

beam is raised upon its knife-edges, the index (6)

may point to zero. The weight in the pan a is then

gradually increased until the magnets are pulled

apart. Care must be taken to find the greaiest weight

which the magnets can sustain ; for if they be once

separated a much smaller weight can hold them

apart. In the final adjustment small weights (not

over leg.') should be let fall into the scale-pan from a

height not exceeding lem. The weight necessary to

pull the magnets apart is to be noted.

• The magnet gh i& now to be turned end for end,

so as to repel e/',; and the weight in the pan a is

gradually to be diminished until the magnet ef just

touches the blocks (5 and d^. When a small weight

is added to the pan a the beam will not turn sud-

denly as in previous observations; but, being in

stable equilibrium, it may balance in any position.

Care must therefore be taken to find the smallest

weight which can Cause a separation of the magnets,

however slight.

The mean distance between the magnets, from

centre to centre, is now to be determined by measur-

ing the thickness of the magnets and the thickness

of the blocks with a vernier gaiige. In setting the

gauge upon a magnet, if the jaws are of iron or steel

the blocks of wood (6 and ci) should be interposed

between the jaws and the surfaces of the magnet,

since the strength df the magnet might 6therwise be
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perceptibly affected. The thickness of the blocks

may then be found and allowed for. The experiment

should be repeated with a third magnet, let us say

ij in place of gh ; then with gh in place of ef. lu

this way the forces of attraction and repulsion be-

tween each pair which can be formed out of the three

magnets will be determined.

The student may be interested to prove that it

makes no difference which of two magnets is the oue

suspended. This fact is an illustration of the gen-

eral principle that action and reaction are equal

and opposite. It will be noticed that the attrac-

tion between two magnets when tslose together,

is much greater than their repulsion. This is

due to the effects of induction (see § 129, foot-

note).

^ 181. Calculations relating to Magnetic Forces. —
If w be the weight in grams necessary to counterpoise

a magnet ; w^ the weight of the counterpoise neces-

sary to lift the magnet and at the same time to pull

it away from the attraction of a parallel magnet at

the distance d ; and w^ the weight similarly required

when the two magnets repel each other ; then if 1

gram=^ dynes, the force of repulsion which we call

positive is + (vig— w^g") Ajnes, and the force of

attraction, which we call negative, is— (w, g— ivg')

dynes. The numerical sum, or algebraic difference,

A, between these forces is accordingly (w^g— M'2,9')

dynes. Substituting tliis Value in the formula of

§ 129, we have, if any two of the magnets are equal
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in respect to the strengths (s and s') of their poles,i

.«,' — .<i2s" = Jd2 ^
or s = g ^(m'i — M'2) ^.

4

Tlius if the attraction between two nearly equal

magnets at a distance of 2 cm. is 6C0 dynes, and the

repulsion 300 dynes, a forue of 900 dynes (0.92^.,

nearly) will be required to offset the effect of revers-

ing one of the magnets, the mean strength of their

poles is, accordingly, about | -^.92 X 980, or 30 units

each.

The results of this experiment are subject to errors

which are sometimes (though ]'arely) almost as great

as the quantities measured. They are nevertheless

valuable in enabling us to form an immediate estimate

of the strength of- magnetic poles, which, though

rough, may guide us in the less direct but more ac-

curate methods which follow.

^ If no two of the magnets are equal, we must form three equa^

tions from observations made with each pair of magnets; thus—

.' = ^^/,l,;."= ^%2,;and.V'= ^%3,.

Multiplying (1) and (2) together and dividing by (3) we have—

„ A A' d^d'^ dd' J'Kb!
»'= 4 A" ^^r^' °''=id'\^r

w
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EXPERIMENT LXXIII.

MAGNETIC MOMENTS.

^ 182. Determination of the Couple exerted by the

Earth's Magnetism on a Suspended Magnet. — A milg-

net {gJi, Fig. 198) used in Experiment 72 is to be

suspended horizontally by a wire cf. Tlie coefficient

gj-—5;:f^55:;—-, of torsion of the wire has been

\^^^^^\ found in Exp. 64. The wire is at-
l|jtlLlMlliilii'inii(liiii)il!iiiiMijviyiv

iUIMIilllHIHIJIlllllllHIIIIIIIIIIH'ill, , , .,
, <;,' 11

tached at c to a knitting-needle

(hd') revolving on a graduated cir-

cle (ae) as in the torsion balance

(Fig. 176, ^ 165). The wire is,

however, vertical, and the circle

horizontal in this experiment. A

j\ ^
short piece of wire should be at-

'feii i ii.iii i iii'w' i tached vertically by wax to each
Fig. 198.

gjj^j q^ |.j^g magnet to serve as a

sight. The needle is first turned so that the north

pole of the magnet points north, and its reading is

taken. Then it is turned until the magnet points

east, and the reading again taken. A distant object

should now be sighted in the direction indicated by

the sights. The needle is then turned so that the

magnet points west. The same distant object should

be in line with the sights. The reading of the needle

is again observed. The experiment should be re-

peated with the other magnets employed in Experi-

ment 72.
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If the poles of the magnet are I centimetres apart,

if tiiey contain s nnits of magnetism each, and if

the earth exerts on each unit of magnetism a force

which has a horizontal component equal to ^ dynes,

then the b units of magnetism in the north pole must

be urged northward with a force of Hs dynes, and

the south pole will be urged southward with an

equal for.ce. The two forces will constitute a couple

(§ 113) C, with an arm equal to the distance I, be-

tween the poles ; since the magnet is at right-angles

to the forces in question. We have, therefore,

C=Ed, ovR=
ŝi.

This couple must be balanced .by an equal and

opposite couple due to torsion in the wire. It is

obvious that in turning the magnet end for end it

must be made to revolve through 180° so as to make

an angle of 90° (on the average) with its original

(north and south) direction. To produce torsion in

the wire the needle must be turned through more

than 180° in all, or more than 90° from its original

setting.

Let us suppose that the needle has revolved through

a total angle a, or an average angle of ^ a from its

original position ; if the magnet had remained point-

ing to the north the twist in the wire would be | os

;

but the revolution of the magnet through 90° causes

the wire to untwist through 90° at its lower end.

The angle of torsion is therefore | a— 90°. It is

now easy to calculate the couple exerted by the
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earth. If it requiies a couple of t dyne-centimetres

to twist the wire through 1° (see Experiment 64) it

must require {\ a — 90) X t dyne-centimetres to

twist it through the angle in question. Substituting

this value for c in the formula above we have—

si

It is interesting to estimate the value of H by the

rough values of s and I already determined in Experi-

ments 71 and 72. If, for instance, the distance be-

tween the poles is 10 cm., and the strength of each 30

units, and if the couple produced is 50 dyne-centi-

metres, then the earth must exert a force of \ of a

dyne on each unit of magnetism when free to move

only in a horizontal plane. This is what is meant by

the statement that the " horizontal intensity " of the

earth's magnetism is ^ or 0.17, nearly. In practice

large errors would be committed in estimating the

horizontal intensity in this way, on account of the

uncertainty of the factor s (see ^ 181). A much
more exact method will be considered in connection

with Experiment 74.

The student should note that the couples acting on

suspended magnets are proportional to the products

of the distance between the poles and the strength of

the poles, both of which have been already deter-

mined. These products {d, s'V, s"l") are called the

m.agnetio momefits of the magnets to which they re-

spectively belong.
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EXPERIMENT LXXIV.

MAGNETIC DEFLECTIONS.

^ 183. Determination of Magnetic Deflections by

means of a Magnetometer. — A surveyillg-compass

(Fig. 199) is! placed in the middle of a wooden table,

in the construction of which

no iron has been employed

even in the form of nails. All

iron or steel objects are to be

removed from the immediate

neighborhood. The directions

of the magnetic north, south,

east, and west are to be deter-

mined by this compass, and

marked by pencil lines upon

the table. In all experiments in magnetism the mag-

netic points of the compass will be those referred to,

unless otherwise stated. A magnet already tested in

Experiment 71, considerably longer than the compass

needle, is now placed at the east of the compass with

its north pole toward the compass (see Fig. 200, 1).

The distance of the magnet from the compass must

Fig, 199.

^
Fig. 200.

be noted. It should be small enough to cause a

measurable deflection of the compass, let us say 5 or
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10 degrees, but at least twice the length of the mag-

net.^ The position of each end of the magnet is then

marked in pencil on the table, and the deflection of

the compass observed by the reading of two pointers,

attached one to each end of the needle.

The magnet is now turned end for end. (as in Fig.

200, 2) and the deflection again observed. The ex-

periment is to be repeated with the magnet at an

equal distance from the compass, but at the west of

it, as in Fig. 200, 3 and 4. There will thus be 8 read-

ings in all, from which the averagei deflection of the

needle may be calculated. The mean distance of the

centre of the magnet from the centre of the needle

may be found quite accurately by measuring the dis-

tance between the outer and between the inner pencil

marks on opposite sides of the needle, adding, and

dividing by 4. The experiment is to be repeated

with the other magnets employed in Experiment 71.

The results of this experiment are to be reduced as

will be explained in ^ 185.

^ 184. Theory of the Magnetometer.— When a

magnet is placed near a compass-needle, and at the

east or west of it, as in Fig. 200, so that one of its

poles is nearer than the other, the needle is deflected

under the influence of the nearer pole. The lines of

force due to a magnet at any point nearly in line with

the two poles are (see Fig. 195) nearly parallel to

the magnet ; and hence in the case which we have

1 For very accurate measurements the distance of the magnet:

from the compass should be at lenst 4 times the length of the magnet
and 12 times the length of the needle.
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supposed they are nearly east and west. That is,

the magnet tends to make the compass-needle point

east and west.

I^et us suppose that the magnet is at the east of the

compass,, and that its south pole is (as in Fig: 200, 2)

nearer than the north pole. Then the north pole of

the compass-needle (c, Fig. 201) will be attracted by

the south pole of the magnet move than it is repelled,

by the north pole. The resultant force will there-

ai||— -j|b

A I>e//ectiHQ fhreem^-*^
Magnetic East.Vh-^^

JFlG. 203.

fore be an attraction toward the east, which we will

represent by the line cd (Fig. 201).. At the same

time the earth pulls the north pole of tiie compass-

needle northward, with a force represented let us say

by the line ca. The resultant of these two. pulls is

a force eS, easily found by^ geometrical construction

(§ 105).

On the other handj the south pole of the compass-

needle (e') will be repelled by the south pole of the



408 MAGNETIC DEFLECTIONS. [Exr. 74.

magnet more than it is attracted by the north pole.

It will accordingly be urged westward with a force

c'd'. At the same time it is drawn southward by the

earth's magnetism with a force cV. The resultant

force, c'h\ may be found as before. Assumiiig that

the forces acting upon the south pole of the needle

are equal and opposite to those actiug upon the north

pole, it follows that dh' must be equal and opposite

to cb. If the needle cc' is free to turn, it will obvi-

ously take the direction of the two resultants.

Tlie relation between the forces exerted by the

earth and by the magnet upon the north pole of the -

compass-needle is shown in Fig. 202. The magnetic

force is represented by .4S; the earth's force by

by CA; the resultant by GB. The angle BAQ is

called the angle of deflection. The tangent of this

angle is by definition equal to AB -r CA; since AB
and CA are at right-angles. Obviously, the magni-

tude of a deflecting force bears to that of a directive

force at right-aiigles to it a ratio equal to the tangent

of the angle of deflection produced.

It has been stated that when the two poles of a

magnet are at unequal distances from a compass-

needle, the nearer pole has the greater effect. Since

the two poles are always equal and opposite, the ac-

tion of a magnet as a whole evidently depends not

only upon the strength of its poles, but also upon the

difference of their distances from a given point. We
must accordingly consider the length of a magnet, as

well as the strength of its poles, in calculating the effect

which it will produce. It is found, in fact, that the
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forces produced by different magnets at a given dis-

tance are very nearly proportional to the " moments"
of the magnets in question, that is (see ^ 182), to the

products of the strength of the poles and the distance

between them. The moments of the magnets (si, s'l',

etc.) employed in this experiment have been already

determined (^ 182). If a, a', etc., are the deflections

produced, we should have—
si s'l', ^ .

=^ ,, etc., nearly.
tan a tan a "^

The student should satisfy himself that this is the

case before proceeding to the calculations of the next

section.

A compass, having on each side of it a pair of re-

volving supports, capable of holding several magnets,

successively at a given distance from the needle,

affo'ds one of the most direct and accurate methods

of comparing magnetic moments together, and is

properly called a magnetometer.

^ 185. Calculations relating to Magnetic Deflection.?.

— Example. Let us suppose that in Fig. 200 the

average distance between the centre of the magnet

NS and the centre of the needle ns is 25 cm., and

that the distance between the poles of the magnet

(^ 179) is 10 cm. so that as in (2) tiie south pole is

20 cm. from the needle and the north pole 30 cm. from

it. Assuming that each pole has a strength of 30

units (see ^ 181) the attraction of the south pole for

a linifc of positive magnetism at the centre of the needle

(see § 129) must be 80 -h (20)2 qj. ^3_ dyne. The
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opposite pole must exert a repulsion on the same unit

of magnetism equal to 30 h- (30)^ or -^^ dyne. The'

resultant of the.se two forces is evidently -^^ — -^^ or

^^ dyne acting in an easterly direction parallel to

AB (Fig. 202). The earth's magnetism acts in a

northerly direction parallel to CA (Fig. 202).

ABNow t-ince = tan CAB,
CA

we have CA =
tan CAB

If, for example, CAB = 14°, the tangent; of CMS is

.249 (see Table 5} or |, nearly ; then CA is evidently

4 times as great as AB ; hence if AB =^ ^ djme

per unit of magnetism, CA = I dyne per unit of

magnetism.

In practice an estimate of the earth's magnetism

made in this way will be found to differ greatly from

that made as in the last experiment, on account of a

tendencj' to underestimate the strength of the mag-

netic poles in Experiment 71.

Let us suppose that this strength were estimated at,

15 units instead of 30 units. Then in the calculation

above we should have estimated the earth's field at

•jIg- dyne per unit of magnetism (instead of ^). In

^ 182, however, we should have estimated the earth's

field at J djme per unit of magnetism. That is, our

estimate in Experiment 7-3 would be too great, and

that in Experiment 74: too small in proportion to the

error originally made in estimating the strength of

the poles. No\y when one of two estimates is too
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great,, and the other toQ' small in a given proportion,

the geometric mean between them must be equal to

the quantity which we seek. Hence to find the true

value of the horizontal component of the earth's mag-

netism, we multiply together the estimate of Experi-

ments 73 and 74, and extract the square root of the

result. Thus V^ X j^ ^ 6- '^^^^ result is inde-

pendent of the value provisionally adopted for the

strength of the magnetic poles. If the two esti-

mates agree closely the arithmetic mean may be sub-

stituted for the geometric mean (§ 57").

Knowing now the true value of H, we may re-

calculate the moment (M) of the magnet and the

strength of the pales by foimul® derived from ^ 182

:

EXPERIMENT LXXV.

DISTRIBUTION OP MAGNETISM, I.

^186. Determinatioh of the Distribution of ' Magne-

tism on a Rod by the Method of Vibrations. — A steel

rod (nj\ Fig. 203). one! metre long, and about 1 em. in

@@@@@ @®®®@@ I a: A r .rf f ¥ 9 T T / I ©
@ @ ® @ © © ® ®. ® W

FlO. 203.

diameter,., is marked with a file at ten points (a. . .J}

10 em. apart, beginning with a point a, 5 cm. from one



412 MAGNETIC VIBEATIONS.
^
[Exf. 75.

end of the rod. It is then magnetized by stroking it

from e to a 10 times with the south pole of a power-

ful electro-magnet, and by stroking

it 10 times from/ to y with the north

pole of this magnet. A small piece

of a sewing-needle (/, Fig. 204)

iibout 1 em. long, and highly magne-

tized is attached horizontally by seal-

sK^ iiig-wax to a bullet e, and suspended

KiG. 204. by a fine fibre (cd) of untwisted silk

from a cork (a) in a test tube {bg).

The torsion of the fibre (ad) should be so slight

that the cork (a) may be twisted through 360 °, with-

out deflecting the needle (/) more than a few de-

grees from the miignetic north, toward which one end

should point. The needle is then to be deflected by

a magnet; and when the magnet is suddenly taken

away the needle should make a series of vibrations

in a horizontal plane. The weight of the bullet

should be so proportioned to the magnetic strength

of the needle that there may be about 10 vibrations

completed in one minute. The exact time required

for 10 vibrations of the needle is to be determined

when it is vibrating in an arc not exceeding 30 ° or

40° (see Table 3, g'). The north pole of the needle

should be distinctly marked.

The test tube is now to be placed opposite the end

of the rod, then.lield successively on each side of each

of the ten points (a

—

j, Fig. 203). The direction

indicated V)y the north pole in each position is to be

represented by arrows (drawn as in Fig. 203) the
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direction of wliiuh may be compared with that of tlie

lines of force issuing close to the magnet in Fig. 196.

Ill addition, the rate of vibration of the needle is to

be determined by counting the number of vibrations

completed in 1 minute, or in wliatever time may
have been required for 10 vibrations under the influ-

ence of the earth's magnetism alone. In all cases the

arc of vibration should be limited to £0° or 40° (see

Table 3, cj).

The number of vibrations made in the given time

on one side of a is to be averaged with that made on

the other side ; and in the same way the average

number of vibrations for each of the ten points is to

be found. These numbers are

then all to be squared (see mi

Table 2). The results are to

be plotted on co-ordinate pa-

per (see § 69). Distances in

centimetres are represented

by a horizontal scale at the

top of the figure, and the

square of the number of oscil^

lations is shown by the verti- ^'g- 20.5.

cal scale at the left of the figure. Thus, if opposite

tiie point J, 15 cm. from the end of the magnet, the

needle makes 60 vibrations per minute, we place a

cross at the right of the square of 60 (3600) and

under 15 em. Tlie vertical distances are measured

upward if the north pole of the needle is repelled by

the bar, and downward if it is attracted by it. In the

same way other points may be found through which
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a curve is to be drawn as in Fig. 205. Evidently, jn

this figure, iV" represents the "positive " or " north
"

end of the magnet.

This method of represeiiting the distribution of

magnetism depends upon the general priixeiple that

forces are proportional to the ^squares of tlie rates of

oscijlatipn which they produce {see § 110). The

-curve represents accordingly the strength of the m.ag-

net at different points as compared with the strength

of the earth's magnetism. We should strictly aliow

for the effpet of the earth on all the rates of oscilla-

tion ; but as it is represented only by 100 units

on the vertical scale, this effect would be hardly

perceptible.^

The student should dra\v by the eye two vertical

lines NN' and SS', dividing each area enclosed by

the curve as nearly as possible into two equal parts.

The distance between these lines indicates approxi-

mately the distance between the poles of the mag-

nets. This latter may therefore be found by the scale

at the top of the paper.

EXPERIMENT LXXVI.

DISTRIBUTION OP MAGNETISM, II.

^ 187. Magneto-Electric Induction. We have seen

that when iron-filings are brought into the neighbor-

1 The effects of " induced magnetism " may introduce errors of

5 or 10 per cent in tliis experiment (see t 207). The shape of the

curve in Fig. 208 will not, however, Ije materially altered.
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hood of a powerful magnet, they tend to arrange

thetnsie'lves along certain lines called " lines of force."

Tliese lines of force are not, like the meridians upon

the surface of the globe, purely geometrical concep-

tions. According to Tj'iidall, the apparently empty

space between the poks of a powerful electro-magnet

" cuts like cheese." The most surprising fact con-

nected with this phenouieu'on is that a knife with

which such a magnetic field is cut becomes tempora-

rily electrified. The point and the handle of the

knife resemble, for the time being, the two poles of a

voltaic cell, from which a current of electricity can be

derived by making the proper connections. It is not

necessary to ilse a knife ; any piece of metah a wire

for instance, will do as well. All tendencj' to pro-

duce il current ceases when the knife or wire- stops

moving, or as soon as all the line.'; of force have been

cut. The effect of a sudden motion upon a galvan-

ometer may accordingly be almost instantaneous. In

such cases it is measured by the " throw " of the

needle (§ 109). It is found that the " throw " is

proportional, other things being equal, to the inten-

sity and extent of that pai't of the inagnetic field

which has been cut through, or, according to a system

of representation universally adopted, it is jil'opor-

tional to the number of lines offorce which have been

cut.

If a loop of wire is placed around the middle of a

long bar-tnagnet (Fig. 206) and suddenly made to

slip off oiie end bf the magnet, it will evidently cut

nearly all the lines of force on that etid of the magnet.
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A delicate galvanometer connected with the ends

of the loop will be iiffected. This affords a conven-

ient method of comparing the strengths of different

magnetic poles. In practice we employ a coil of wire

instead of a simple loop ; for when eacli turn cuts all

the lines of force, the effect is found to' be propor-

tional to the number of turns which the wire makes

about the magnet. It is not necessary to slide the

coil completely off the magnet. A motion of a few

centimetres may affect the galvanometer. When the

motion is confined to one end of the magnet it will

be found to deflect the needle in opposite ways ac-

cording to which way the coil is moved. In other

words the direction of the electrical current depends

-I 1^ cll s I

"/nillJiUiJ J 1 V vj<i— r T 1 i TttlllltM"-

Fig. 206-

upon the direction of the motion. Let us suppose

the direction of the motion to be alwa3's the same,

that is, from left to right, or from the north toward

the south end of the magnet. Then the galvan-

ometer will be deflected one way when the motion

of the coil takes place near one end of the magnet,

and the other way when it takes place near the otiier

end of the magnet. That is, the direction of the

electrical current depends on the direction of the

lines of force. Near the middle of the magnet a

neutral point will generally be found. If the coil be

moved from this neutral point toward either end of

the magnet, it follows from the statements made
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above tihat the direction of tlie current will always

be the same. This direction is with the hands of a

•watch, as seen from th« so-utli pole of the magnet.

The throw of the needle is proportional, other

things being equal, to the distance throug'h which

the ceil is moved ; hence it is important in comparing

l-esultS'that this -distance should be always the same.

If the coi-lis moved always through a given distance,

the effect will be found to be greatest when the mo-

tion takes place near the ends of the magnet, where

the lines of force are the thickest. In other words

the magnitude of the electrical current depends upon

the closeness of the lines of force. The effect is very

nearly the same wbetheT tlie coil moves more or less

.9wiJ% 1 throagli a given distance. In the first case

we have a rapid ^motion, and whence a comparatively

strong -current lasting for a short time ; in the second

case we fhave a weaker current lasting for. a propor-

tionately long time. The forces exerted upon the g.al^

vanometer needle are proportional to the current

;

hence, by the fundamental law of motion .(§ 106),

ft= mv,

since the product (/if) of the force and the time of

its action is the same in both cases, the momentum
given to the needle must be the same.

We shall make use of these facts to estimate the

relative strength of the magnetism of a rod in differ-

^ In order that this may be tme, the duration of the motion must

he several times less than the time occupied by one vibration of the

gafvanometer' needle.

27
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ent parts, and to distinguish positive from negative

magnetism.

^ 188. Construction of an Astatic Galvanometer.

—

A delicate galvanometer, such as has been already

emploj'ed for the detection of currents created by a

thermopile (Exp. 39), is repre-

sented in Fig. 207, and may be

constructed as follows :
—

Two magnetized needles, o and

A (Fig. 208), of nearly equal

strength are connected by a ver-

tical piece of wire, with their

north poles in opposite directions,

and suspended horizontally, by a

fine thread (he) of untwisted

silk, from a screw a. This screw

EiG. 207. is held by a nut 6, itself capable

of rotation, so that the thread may be raised or

twisted at pleasure. The two needles c and h should

a

(^
« _c

Fig. 208.

form a nearly " astatic " combination (a privative and

la-TTjfii, to stand) ; that is, one which, owing to the
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equal aud .opposite forces exerted upon it by the earth,

has no strong tendency to stand in any particular

position.

The strength of either magnet may generally be

increased by stroking one of the poles, as in ^ 179,

with the dissimilar pole of a powerful magnet, or di-

minished by touching similar poles together. A very

light touch is usually sufficient to produce a percep-

tible change in a magnet. The delicacy of the in-

strument depends upon the delicacy of the balance

which can be . established between the two needles.

It is generally possible to make the combination point

permanently east and west. In practice, however,

the needles are magnetized so that the time occu-

pied by"one oscillation is 5 or 10 times as great as

that of either needle by itself. The needle is then

sufficiently astatic for most purposes. It may

be remarked that the rate of oscillation of an

astatic needle is the best test of its adjustment (see

II 193, 4).

100 metres of insulated copper wire about ^ mm.

in diameter are now to be wound on the two rectan-

gular bobbins/ and i (Fig. 208, 1 and 2) .i The bob-

bins are shaped so that tiie lower needle (h) ma}- hang

inside of them, and the upper needle (e) just above

1 If it is desired to use tlie instrument later on (Exp. 86, II. and

Exp. 95) as a differential galvanometer, tlie 100 metres of wire

. sliould be cut in two, and tlie two parts twisted togetliei- before wind-

ing them on the bobbins. The galvanometer will thus have four ter-

minals instead of two. If two of the terminals are temporarily joined

together, the otlier two may be connected with binding-posts in the

: ordinary manner.
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them. Two indices of alumimim wire, d ande (Fig.

208, 1 and 3), are then attached to the lipper needle,

and a cardboard protractor (/) is set beneath them.

The instriimen't is usually mounted on wooden sup-

ports, with levelling screVvrs k and I, and covered Mth

a glass shade to cat off currents of air. The galvan-

ometer thus eonslrticted should be sensitive to a fe^^

millionths of an ampere.

^ 189. iJeterminatioh of the Distribution of Magnet-

ism on a Rod b'y the Method of Induction.— A Coil

(I, Fig. 209) consisting of about 100 turns of No. 20

insulated copper wire, wound on a braSs bobbin, is

fitted to a brass tube ad so as to slide freely betAveen

a * t d

Fig. 209.

the stops a and c, through a distance of about 10 cen-

timetres. The tube must be large enough to admit

the long magnet employed in Experiment 75. It is

first to be fastened near one end of this magnet by

means of the clamp d, so that a point (a, Fig. 203)

5 cm. from the end of the magnet may come half-way

between the stops a and e (F'ig. 209).

The needle of a delicate galvanometer (Fig. 207),

such as has been already employed for the detection

of electrical currents (Exp. 39), is now to be loaded,

if necessary, 'by att&,ching small bits of lead with

sealing-wax to each end of the needle, so that its

time of oscillation may be at least 10 seconds. The
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inat\'nment is to be set up with the phme of its coils

ivpiuoximately north and sputh. The nut b is then,

turned so thiit, by the torsion of the threaid ba, tlie

needle of the galvanometer is madje tO point to 0°.

The terniinals of the coil, b (Fig. 209), are then to

be connec^^d with the terminals of the galvanometer.

The coil (i) is then suddenlj'- made to slide from a

to c (Fig. 209), and the throw of the galvanometer

is noted. When the oscillation of the needle h^s

ceased ^ the coil is made to sjlide back suddenly fvoin

c to a, and the throw of the galvanometer, is again

noted.

The experiment is to be repeated with the tube

clamped so that other points (6, c, d, e, etc.. Fig. 203)

may come successively half-way between the stops a

and c (Fig. 209).

In each case two throws of the galvanometer are

to he observed. The direction of each throw is to be

noted, and the average deflection calculi^ted.

The positions of the centre of the tube with re-

spect to the magnet are also to be nqted. The results

are to be p.lott;ed on co-ordinate paper as in Fig. 205,

1 The student should learn to stop tlie vibrations of a magnetic

needle. If a magnet is directed toward a needle as in Fig. 200, T 183,

a (lefleptipr\ in either direction may he produced. If the magnet he

turned so as to tend to cause a deflection at every instant opposite

to the motions of the needle, the latter will come very quickly to rest.

To stop a wide oscillation, the magnet must be brought near the

needle, hut ^heji the osciillation becomes feeble, th? process should

be continued from a greater distance. To affect an ordinary astatic

needle, the magnet should be held not only at right-angles with it, but

also cpiisid.eralil}" above or below it. A perfectly astatic needle

should not be aflfected by a magnet in the same horizontal plane.
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^ 186, except that the vertical distances are to rep-

resent thiows^ of the galvanometer needle, instead of

squares of the rates of oscillation. If the throw in

a ffiven case is in the same direction as at the north

end of the magnet when the coil is stopped in a given

direction, the distances are to be measured upward;

otherwise downward. From the curves thus ob-

tained the poles of the magnet are to be located as

in ^ 186, and the distance between them is to be

estimated. The result should agree closely with that

obtained in the last experiment.

EXPERIMENT LXXVII.

MAGNETIC DIP.

, ^190. The Earth's Magnetism.— If fine iron-filingS

are sprinkled over a horizontal pane of glass, they

will show a slight tendency to arrange themselves in

lines parallel to the magnetic meridian, particularly

if the glass be jarred. One might infer tliat the lines

of force due to the earth's magnetism are horizontal.

This is not, however, the case ; the direction in

which the lines are inclined is from north to south,

according to tlie compass, but the lines make any

angle with the horizon (§ 128) ;
70° or 80° for instance

in the United States. We have already made use of

1 If tlie throws exceed 30° the student shouhl plot the chords of the

angles in question (Table 3), instead of the angles themselves (see

§ 109).
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tJie surveying-compass to find the magnetic meiidian

(^ 183). The compass affords, however, little or no

idea of the angle which the lines of force make with,

the horizon, because a com

pass-needle is suspended so

as to move approximately

in a horizontal plane.^ To

find the magnetic dip (§

128), we may make use of

an instrument known as

the " dipping-needle." A
simple form of this instru-;

ment consists of a knitting-

needle ad (Fig. 210), with

an axis he soldered to it a

right-angles and resting on two glass surfaces'^ and e,,

attached by sealing-wax to wooden supports (he and

(?/), and made horizontal by means of a spirit level.

In practice the needle must be balanced by bend-

ing the axis he, or by adding bits of sealing-wax or

solder to it, so that it will stay, when unmagnetized, in

any position, as ad. Then the needle is magnetized by

stroking the end a ten times from the centre outward

with the north pole of a powerful magnet, and by
stroking the end d similarly with the south pole of

the magnet. The needle will no longer balance in

any position ; but the north pole will, in north lati-

FiG. 210.

1 The needles of surveying compasses intended for use in widely

different latitudes are frequently provided witii a small sliding

weight by which variations in the magnetic dip and intensity may be

counterpoised.
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tudes, dip downward as in Fig. 210. To measure,

the angle of the dip, a caiclboaj:d protractor, cut out

at the centre so as not to interfere with the axis of

the needle bo, is attached vei-tically to, one. of the

wooden suppoa-ts (6e), aud turned round so as to- be

north and south according to the compass. The axis

be is made to point horizontaJly east and west, and to

coincide as nearly as possible with the axis of tha

graduated circle. The mean reading of the two.

ends (a and d) of the needle should then give cor-

rectly the angle of the dip. Errors of parallax

must of course be guarded against (§ 25). Various

other sources of error may be eliminated by a series

of experiments. In some of these the axis be should

be turned end for end, in some the whole instrument

should be turned end for end, and in some the mag-

netism of the needle skould be reversed by stroking

the end d upon the north pole, and the end a upon

the south pole of a magnet. By averaging the va-

rious results, the angle of the magnetic dip may be

determined within, a few degrees.

^ 191. The Earth Inductor. — If a hollow square of

wire CDEF is laid upon tlie floor with the side

CD magnetically east and westy and rotated about

CD as an axis into the position ABQIt, it is evident

that the wire EF must cut all the lines of force due

to the earth's magnetism which pass through the

areas ABCD and CDEF. The line CD will cut no

lines of force, because it is stationary ; and the wires

OE and DF will cut none, because their motion is

in a plane parallel to the lines in question. All
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the lines cut will therefore be included iu the wea,

ABEF.
If the square is now held agaiixst the west wtijl of

th.e room, in the position Q'D'M'W, and rotated as be-

fore., about an axis (^C'D'y perpeudicuiiu- to t^ie Ijjies

of foi'Qe., into the, position A^B'G'iy, the number of

liues cut will be as before included in the area

A'M'M'F'i. an.d similarly if the square is rotated,

about an. axis €"D", in the north wall of the roo-in

Fig. 211.

perpendicular to the lines of fprce, the lines cut

will all be induded in the area A"B"E"F". Now
the areas QABEF, A'B'E'W, A!'B"E"F"y are all

equal,— each being twice the area included by the

square. If, therefore,, we conneot the terminals of

the square with a galvanometer, and observe the

throws of the needle which tafce place when the

square is suddenly turned over, we shall have a

means pf eo^mparing the relative n,uRibers of the lines
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of force which pass through the square in its three

different positions.

From these data we may infer the direction of the

lines of magnetic force. If, for instance, the throw

of the needle is much greater when the square is

turned over on the north wall of the room than on

the west wall, we may infer that more lines of force

pass through the square in the former position ; and

that, accordingly, these lines are more northerly than

westerly. If, again, the throw is much greater when

EiG. 212.

the square is turned over on the floor than on either

wall, we may infer that the lines of force are more

nearly vertical than horizontal. We will suppose, for

simplicity, that the walls of the room face exactly

north and west by the compass, so that no lines of

force pass through the loop when held against the

west wall of the room.

Let ABED and AB'E'D (Fig. 212) represent re-

spectively the square in its horizontal and in its ver-
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tical positioD, AD being magnetically east and west

;

let the plane ADF'FCO'A be drawn perpendicular

to the lines of force, and the planes BEFC and B'E'

F'C parallel to the lines. Then the areas ADFO
and J.Z)^'C" include respectively the lines which pass

through the square in its two positions. Since the

lines are equally spaced, their numbers aie as the

areas which include them. These areas are to each

other as AO:AC\ or since by construction B0=
AQ', they are to each other as AC: BO. This ratio

(AC: 5(7) is by definition the tangent of the angle

ABO, which measures the magnetic dip.

Now if a' is tfie angle through which the needle is

thrown when a loop of wire is turned over on the

floor, and if a" is the same for the north wall of a

room, the impulses given to the needle are to each

other as the chord of a' is to the chord of a" (see

§ 109), or approximately as a' is to a". It follows that

the angle of the dip a is given by the formula—
chord a' a' ,

tan a = ——-— = -— nearly.
chord a a

The same proportion will be found to hold for a

round loop of wire. In practice we employ a coil of

wire, containing, let us say 100 turns, since the effect

upon the galvanometer increases with the number of

turns.

The student should note that a sliding motion

given to such a coil 'either along the floor or along

the wall causes no deflection of the galvanometer.

This is because the lines of force are cut- by the two
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halves of the coiJ in opposite waj's. It \yill be found

tiQ malse no difference whether the eoi,l is rotated

about an axis passing through its centre, or on one

side of it. We need to consider only the angle

through which rotation has taken place. A coil ca-

pable of being thus rotated 180° about a horizontal

and about a vertical axis constitutes what is called

an "earth inductor," becau^,e of the, ouri;ents of elec-

tricity which by the actiop of the earth's mag^ietism,

may be, " induced " in it.

\ I i^-:--ifc ;:"-••;

f.\ II 7;

a' i/;;::::;:^-

Fig. 213.

^192. Determination of the Magnetic Dip by means

of an Earth Inductor. — A convenient form of earth

inductor is represented in Fig. 213.1 jt; consists of a

coil of wire A, mounted on a wooden axle &', with a

head 5, through which the coil may be set m rotation

1 The ipstrument may lie greatly simplifieil If it is intended only

to be turned by liand. Tliis generally requires the co-operation of

two students, one to turn the eartli inductor properly, the other to

observe the throws of t|ie galvaoonietej.
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by the spring chd. An auxiliary spring a^ may also

be employed to hasten the rotation through the fifst

rig"ht-angle, 'and to slacken it iti tTie second right-

angle, so that the c6il may be arrested by the 'catdh

/, when it has rotated through exactly 180°. By
winding the spring ah'i round the head 'of the axle in

the other direction, the coil may be made to return

to its original position. The Apparatus is per-

manently attached to the floor by means of two

hinges y and k, the axes of which are east and west.

If the coil is properly countei'poised, it will operate

also when the whole instrument is tipped on its side,

as represented by the dotted lines in Fig. 213.

Wedges are to be placed beneath the frame so that

the axis of the coil may be exactly vertical in one

position, and exactly horizontal in the other position.

The catch /must be adjusted if necessary, so that the

coil may be horizontal in the second position. If the

hinges are properly placed the plane of the coil will

be at right-angles to the magnetic meridian in both

positions.

The axis of the coil is first to be made hoiizontal,

and the terminals of the coil are to be connected (see

^ 193, 11) with a galvanometer (Fig. 207, ^ 188),

placed at a considerable distance from the earth in-

ductor so as to avoid jariing, and adjusted as in ^ 189.

The catch/ is then to be lifted by pulling a string

attached at^. The throw of the needle is to be noted.

When the needle has come to rest (see ^ 189, foot-

note) the coil is made to return suddenly to its Origi-

nal position by the same mechanism. The throw of
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the needle is again observed, and the mean throw

(a') calculated.

The experiment is to be repeated with the axis of

the coil vertical. The mean throw (a") is to be

found. The angle of the dip (a) is then to be calcu-

lated by the formula (see ^ 191),

r

tan a = -;,, nearly.
a"

^



t 193.] GENERAL PRECAUTIONS. 431

ELECTRICAL MEASUREMENTS.

CUEEENT STEENGTH.

^ 193. General Precautions in the Measurement cf

Electric Currents.— Nearly all measurements of elec-

tric currents involve the use of galvanometers de-

pending upon the deflection of a magnetic needle.

The same precautions must accordinglj be observed in

electrical as in magnetic measurements.

^(1) Delicacy OP Suspensions. A needle weigh-

ing less than 1 grams may be safely suspended by a

single fibre of the best cocoon silk. When several

fibres are employed they should be fastened together

with wax, but not twisted together. If great delicacy

is desired, the finest possible thread siiould be

employed.

When a needle is hung on a pivot, as in an ordi-

nary compass, great care must be taken to preserve

the sharpness of the steel point upon which it turns.

A lever should be arranged so as to lift the needle

from the pivot when the instrument is not in use
;

and when in use, care should be taken not to jar the

compass. A slight jarring may be used as a last re-

sort to relieve the friction between the needle and its

pivot when the latter has been already dulled. It is

preferable, when possible, to observe the turning-

.points of the needle while oscillating in a small arc,
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and from these to infer its position of equilibrium

(see ^ 20).

(2) Pkeservation of Magnetism. The needle

of a galvanometer should be carefully prot'eGted from

strong magnetic forces, whether due to permanent

magnets or to electric currents, since such forces

are apt to affect the magnetism of the needle. This

precaution is especially important in the case of

" astatic " needles (5[ 188), since the slightest change

in either oF the 'two pairts of which such needles are

composed may completely destroy the balance be-

tween them, and thus seriously injure the delicacy of

the combination.

Strong Currents should never be sent through deli-

cate galvanometers. The terminals of such gal-

vanometers (a and b, Fig. '214) should be

joined together with a wire or "shunt"

(c), forming a cross-connection betweeii

the "vi'ires (^ and e) which convey the cur-

rent to and from the galvanometer. An
electric current of unknown strength should

be first tested by the galvanometer lOiih the shunt. If

the galvanometer shows little or no deflection, the

shunt may be safely removed.

(3) Magnetic Surroundings. All iron, steel, or

other magnetic substances should be removed, if pos-

sible, from the neighborhood in which magnetrc

measurements are to be performed. The positions of

magnetic bodies which cannot be moved should be

accurately noted. Especial care must be taken to

guard against changes in the position of magnetic
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bodies in a course of experiments.^ The position of a

galvanometer should be accurately located, since con-

siderable variations, both in the direction and in the

strength of the earth's magnetism, often occur in

different parts of the same building, unless special

care has been taken to avoid the use of iron in its

construction. When there is no simpler way of de-

scribing the place of an instrument, its distances may

be found fiom the floor and from two walls of the

room.

(4) Rate of Oscillation. Any change in the

strength of the magnetic forces acting upon a needle,

in the magnetism of the needle itself, or in the free-

dom of its suspension will be found to affect its rate

of oscillation. It is well, therefore, to determine this

rate before and after every experiment in which such

changes are likely to occur. This precaution is par-

ticularly important in the case of astatic needles and

in the method of vibrations (Exp. 82).

(5) ExcENTEiciTT. When a compass-needle is

suspended at a point not exactly in the centre of the

graduated cii-cle by which its position is determined,

errors due to "excentricity " may be introduced. Such

errors are avoided by reading both ends of the needle.

(6) Zero-Reading. A galvanometer is always to

be adjusted (except in the method of vibrations, Exp.

82) with the plane of its coil vertical, and parallel to

the needle in its zero position,— that is, the position

which the needle takes when no current is flowing

1 Students should be cautioned against carrying small objects

made of iron or steel about their person.

28
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through the coil. In the case of a galvanometer pro-

vided with ai) ordinary coinpass-needle, the plane of

the coil is acodrdingly to he made parallel to the mag-

netic meridian. In this position the reading of the

needle should be zero. It is well to make sure (§ 32)

that the zero-reading is not disturbed in the course

of an experiment, either by dislocation of the galvan-

ometer or by changes in the position of magnetic

bodies in the vicinity (see 3).

(7) Mutual Induction. To prevent the coils

of one instrument from affecting the needle of an-

other instrument, these instruments should be sepa-

rate:! as widely as may be praicticable. In certain

Fig. 215.

delicate ex;perimfints the effeicts of magnetism pro-

duced in one building are measured by electrical

wires carried to an entirely separate building. Coils

of wire are in general made horizontal if possible

;

magnets vertical ; since in these positions minimum

magnetic effects are usually produced on galvanome-

ters in their- vicinity.

(8) Connecting Wires. The wires conveying

an electric current to and from an instrument should

be parallel and close together, so that the .equal and

opposite currents in these wires may neutralize each

other as far as magnetic effects are concerned, A
typical case is represented in Fig. 215, where by the

parallel wires be, de, and af, a battery B is connected
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through a rheostat R with a gfilvajioin,eter €r (see

Exp. 9'2). It will be foynd convenient i,ii practice to

twist the wires tog;eithe,r. In rheostats the wires are

wound double (see Fig. 240, Exp. 86) to avoid mag-

netic effeets.

(9) Reversal of Gurrbnts (§ 44). Every in-

strument capable of being affected by magnetic influ-

ences from outside should be provided with meaus of-

reversing the current through it, without changing

its direction in other parts of the circuit. Any such

instrument is called a " commutator." A convenient

form of "commutator" is represented in Fig. 216.^

EiG, 2t.6.

(10.) Waste op Power. The commutator may

b.e made also to serve as a "key,"— that is, to cut off

1 Tliis comniiitator consists pf a square V'Pclc of mahogany Oir

ebonite, with four lioles abed (Fig. 216) bored half-way through it.

Tlie screws of four binding-posts are driven liorizontally into tliese

holes, which are then filled with mercury. Two copper rqds (Fig.

216, 3), bound togetli^r by a hjindle of mahogany or ebonite, are bent

so as to reach respectively either fro-n a to A and from c to d, or from

a to c and from 6 to cf (see Figs. 216, 2 and 4). Tlie wires (A and B)

from the positive and negative poles of a battery are connected with

1^0 opposite niercury cups, as a and d; th.e wires C and D, leading to

tlie instrument in which the current is to be reversed, .ire connected

with tlie other pair of opposite cups (as b and c). It will be seen

that in one position of the commutator (Fig. 216, 1 and 2), the wire

A\s connected' with C, while B is connected with D; in the other

jiosition (Pig. 216, 4 and &) A is connected with D, while B is con-

nected with C.
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the current from the battery. This is clone by simply

renio-ving the rods (Fig. 216, 3) from the mercury

cups. In the absence of a commutator or key, one

of the battery wires should be disconnected when the

battery is not in use, not only to prevent unnecessary

waste of power, but also to avoid serious errors

which may result either from the deterioration of the

-battery or from beating the wires.

When a battery is not required for several days it

is well to empty out the fluids which it contains, each

into a separate vessel, in which it may be preserved

for future use, if not already exhausted. The zincs

and coppers or carbons should be placed in pure

water i the porous cups left to soak in a solution of

dilute sulphuric acid so as to be ready for immediate

use; the clamps, being disconnected from the poles of

the battery, should be carefully cleaned and dried.

^

(11) Electrical Connections. All electrical

connections depending upon metallic contact should

be carefully examined. The metallic surfaces should

be scraped bright and bound together with consider-

able pressure. A good electrical connection between

two copper wires may generally be made by twisting

them together. A soldered joint is to be preferred if

the connection must remain good for an indefinite

length of time. A liberal supply of binding-posts,

screw-cups, and couplings, will be found of value in

electrical raeasurements.

' These remarks apply parliciilarly to cells of the Daniell or

Biinsen type (Figs. 234 and 235, Exp. 84). With a Leclanche' cell

(Fig. 236), these precautions are unnecessary.



1 194.] TANGENT GALVANOMETEK. 437

The best, temporary connection is undoubtedly

made by dipping copper into mercury (see 9). The

surface of the copper should first be amalgamated by

dipping it into nitrate of mercury and rubbing it with

a cloth.

(12) Insulation. Care must be taken that elec-

trical connections are not made when they are not

wanted. The student should carefully examine th€

insulating material with which his wires are wound,

particularly when the wires are to be twisted to-

gether. He should make sure that there is no cur-

I'ent between any two of the binding-posts of a

commutator or rheostat which can be detected hy a

galvanometer when the metallic connections are

broken. The outside of battery cells should be dry

for if they are not, electrical leakage is apt to take

place. There is in fact more or less leakage in all

experiments ; but if the apparatus be perfectly dry

this will probably not be enough to affect the accu-

racy of any of the measurements which follow.

EXPERIMENT LXXVIII.

CONSTANTS OF GALTANOMETEES.

^ 194. Construction of a Single-Ring Tangent Gal-

vanometer.— A form of galvanometer frequently em-

ployed, because of its simplicity of construction, is

represented in Fig. 217. A horizontal cross sectioii
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is given also in Fig. 218. The instrument consists

of a compass (a, Fig. 217, ami dgif. Fig. 218) mounted

on a wooden support in tlie middle of a 6oil of insu-

lated wire. The compass needle («A) is made very

sliort 1 so that the whole of it may be virtually at the

centre of the coil. To assist in reading the deflec-

tions of the needle, two long light pointers (/ and g')

FiJ. 217.

v'ij^S—

*

Fig. 218.

are attached to it at right angles. The wire is wound

on a grooved brass ring in a single layer. The ends

of the wire are carried to binding-posts (e, Fig. 217)

at the base of tlie instrument as close together as pos-

sible. Ijevelling screws (6 and e. Fig. 217) are usu-

ally added.- In the construction of the instrument

1 The lengfli of the needle sliould not exceed -f^ the diainefer of

the eoil. Kohlrausch, Physical Measurement, Art 63.
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neitlier iron nor steel must be used (^ 214, 3) ex-

cept in tlie magnet itself, and in the steel pivot upon
which it turns. The eompass sliould have a lever to

lift the needle from the pivot when tbe instrument is

not in use (^ 214, l).i

^ 195. Law of Tangents. — When an electrical

current of su£Beient strengtli is sent through the coils

of a galvanometer, lines of magnetic force due to tiie

current may be recognized by th&

the aid of iron-filings scattered upon
{^'^'^X^-iy''

a horizontal piece of glass. We will "l%-f^^^'''-;t'-

suppose that the plane of tbe coil is

parallel to tbe mag'Qetie meridian

(that is, Tertieal, and raagdetical'Iy

north and south ^ 214, 6), and that

the glass passes through the centre of
i,- , . ^

the coil. Lines of force will then be

formed in a direction which, if the current is suffici-

ently poVverful, may differ imperceptibly from east

and West near the centre of the coil.

When a compass-needle is placed at the centre oi

the coil, it, takes a direction, as mights be expected,

parallel to the lines of force passing through that

point. If we suppose the current to be ascending on

^ Single-ring galvanometers in tlie Jefferson Pliysical Laboratory

liave been constructed witli 10 turns of No. 16 insulated copper wire,

wotnid on a brass ring 36 cm. in diameter. The supports are made of

wood. The needle Is 2J cm. long. The pointers are of aluminum,

and each about 5 cm. long. The C'role is divided into degrees and

half-degrees. The coil is arranged in sections of 1, 2, 3, and 4 tiirng,

with connections so that any number of turns can be employed from

1 to 10. By sending the current through these sections in different

directions the sections may be tested against one another.
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tlie north side of. the coil, and descending on the

south side, the north pole of the needle will point

nearly to the east. The electric current tends in

fact to deflect the compass-needle due east and west,

but the earth's magnetism combined with it always

gives to the needle a more or less northerly direction.

The actual direction of the compass-needle is de-

termined (see ^ 184) by two forces : one, S, due to

the horizontal component of the earth's magnetism

acting in a northerly direction; the other, F, due in

this case, not (as in ^ 184) to a magnet, but to the

magnetic effect of tlie electrical current acting in an

easterly or westerly direction. The angle (a) of

deflection is given accordingly, as in ^ 184, by the

formula,

= tan a. (1)
Ji

The units of current now in use have been defined

(§ 132) with reference to the magnetic field which a

current produces in a coil of wire. If L is the length

of the wire, R its mean radius, and c the current in

absolute units, we have

F=— . (2)

Or if (7 is the current in amperes (§ 19), we have—
CL

Substituting this value in (1) we have—
CL

^= ro-^- C3)
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Let US suppose that two currents and Q' produce

the deflections a and a' respectively ; then

and

j^ = *-«'•
' (6)

Dividing (5) by (6) we find—
: C :: tan a : tan a'

;

(7)

that is, in a given galvanometer two currents are pro-

portional to the tangents of the angles of deflection

which they respectively produce. This is known as

the Law of Tangents.

1[[ 196. Calibration of a Tangent Galvanometer. —
The single-ring galvanometer described in ^ 194

Fig. 220.

may approximate more or less closely to the condi-

tions required of a perfect tangent galvanometer.

To test the accuracy with which the " Law of Tan-

gents" (^ 195) is fulfilled, a batter)'- of six small

Daniell cells may be employed. The cells should be

as nearly as possible of -the same size and composition.

The plane of the galvanometer coil is to be made

parallel to the magnet meridian (^ 193, 6) so that

the compass-needle points toO° at both ends; then the

two terminals are to be connected, with the poles of

-

the battery arranged in series, as in Fig, 220, and in



442 ELECTRICAL CURKENT MEASURE. [Eit. 78-

Fig. 221, 1,. so that the cells may all act together.

The connecting wires should be well insulated (^ 193,

12) and twisted together (T[ 193, 8). The deflection

of the galvanometer is to be found by reading both

ends of the needle (^ 193, /j).

The connections' of the poles of the first cell (^)

are now to be interchanged (Fig. 221, 2) so that it

acts against the other five. The defllecfion is to be

found as before.. Then the original connections of A
are to be restored, but those of the second cell QB)

reversed (as in 3), and the deflection again noted;

Fig. 221.

and so in turn each cell is to be opposed to the rest

(as in 4, 5, 6, and 7). Then A and B are both to be

reve'rsed (as in 8), then C and I) (as in 9), then J?

and F (as in 10). Th6 student may be interested to

test the equality of the cells by opposing A, B, and

agairist D, U, and # (as in 11, or as in 12). In re-

peating the measurements, the connections of the

galvatiometer should be interchanged (5[ 193, 9), and

the iiieasurements should be repeated in the inverse

Order, to eliminate variations in the strength of the
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cells. Tb® results arie to be reduced as in ^ 197,

below.

^ 197. Reduotioil erf Results of Galibratmg a "tan-

geat Galvanometer. — In (1) we have si-X cells hi

series; in (2), (3), (4), (5),. (6), and (7), we have

in each case one cell opposed to fiv© others or the

equivalent of four cells. The average deflee.lion gives,

therefore, the effect of four cells of the same mverage

strength as the six cells in (1). In (8), (9), and

(10), we have in each case two cells , opposed to four

others, or the equivalent of two cells in all ; the ater^'

ag:e deflection corresponds accordingly to two cells of

the average strength.

In 11 and 12 there should be little or no de-

flection. Since the galvanometer is sensitive to the

direction as well as to the magnitude of the current,

the deflections in 11 and 12 should be equal and

opposite.

The results are arranged in tabular form below

:

1. No. ofcellsaftiog, 2. Average deflection. 3. Tangentof deflection. 4. Ra/tioof 3:tol.

6 56° 5 1.511 .2d2

4 . 45°v3 llOll .263

2 27°.l .512 .256

We notice that the -path of the electiieal current is

the same in all the arrangements, except that in

sOme eases it passes tln'ough a giveri' cell in one di-

rection, in other cases in the opposite diiection. It

is stated that the electrical resistance of a cell is the

same, Regardless of tfie direction of the current.^

1 Work is required to drive a current back«>!trfl {lirouglv a cell,

whereas if a current passes ttiroogh it in tli6 ofdiWary direction, tlie

cell is a source of power (see § 137). In calculating' the electrical re-'
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The total electrical resistance is accordingly the

same in each of the tweive arrangements shown

in Fijr. 221. It is also stated that the electro-motive

force of a battery is proportional to the number of

cells acting , hence by Ohm's law (§ 138) the ratio of

the numbers in the third column to those in the

second column should be nearly constant. If it is

not, the galvanometer should be discarded for accu-

rate purposes. The experiment should be repeated

with a galvanometer in jvhich the Law of Tangents

is at least approximately fulfilled.

^ 198. Determination of the Constant of a Single-

Ring Galvanometer.— It is evident from formula 4,

*[[ 195, that the deflection of a galvanometer depends

nqjfe

Fig. 222.

not only upon the electrical current, but also upon

the length and radius of the coil of wire through

which it flows. In order to measure currents with a

galvanometer, it is therefore necessary to determine

sistance of a cell we do not consider the gain or loss of power due to

chemical agency, but only the loss c? power due to conversion into

heat. The statement that the resistance of a cell is the same without

regard to the direction of the current does not, mean, therefore, that it

is as easy to drive a current backward through it as to drive it for-

ward, but that the cell would be equalli/ heated in both cases. The
truth of this statement has recently been called into question, but
tlie method of calibration described above has been found practically

to yield accurate results.
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accurately the dimensions of the coil of wire. To find

.

the diameter of a coil, we measure with a long vernier

gauge (Fig. 222) the distance between the flanges of

a bobbin (^aU Fig. 223) upon which

the coil is wound. Then we find the

thickness of two blocks ah and kl

which fill the space between the wii'cs

and the edges of the flanges. Sub-

tracting ah and kl from al we have

the outside diameter (hk') of the coil.

We now measure the width of the i-iMSSr

bobbin and the width of the flaiiges.
^'''- ^^^

Subtracting the latter from the former, we have the

width of the coil of wire. The whole number of

turns of wire is now to be counted. Usually the

groove is broad enough for one more turn of wire

than that actually wound upon it, since this amount

of space is necessary for turning the wire. The width

of the groove is to be divided by the number of turns

which would fill it, to find the average diameter (ha,

or jky of the wire. Subtracting tliis from the out-

side diameter (hk') we have the mean diameter (jy, or

ce) of the coil. Dividing

by 2 we have the mean ra-

dius of the coil.

Instead of measuring the

diameter of the coil, we

may find its circumference

EiG. 224 by passing a thin steel tape

graduated in mm. around the outside of the coil.

If e is the circumference, the outside diameter is
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e -f- TT. From this the mean .diameter and radius

may he caleulated as before. The results are to be

still farther reduced as in ^ 199.

^ 199. Calculation of the Constau); and B,eduction

Factor of a Tangent Galvanometer. — The constant

(.ff") of a coil of wire is equal to the ratio of its

length to the square of jts radius <^§ 133). That is,

in the notation of ^ 19.5,

^-^. (1)

Substituting this value in formula 4, ^ 195, we have

CK
10 H

or solving for C,

tan a, (2)

C === 10 ^tm a. (3)

The constant, K, of a given galvanometer is therefore

an important fa,etor in the calculation of a cur^'ent

from the deflection which it produces in that gal-

vanometer.

If n is the number of turns in the coil,^ we .have

L=2TrnR, (4)

which substituted in (1) gives

j^ 2-7rn R iirn .r\
'

^= -^' = ^- ^^)

1 The student mvisit reirie^nter tliat when a coil is made in two

parts, so that half the current flows through each, the effect is the

same as if the whole current flowed through one half. The total

number of turns must therefore be halved in order to find the effeo-

tiye number n.
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By this form,ula the constant of the tangejjt gal-

vanometer is to be calpulated. Thus for 6 turns of

radius 18 cm. we have a constant 2 x 3| X 5 ^ 1,8, ,or

1.75, nearly. Witli such a galvanometer, assuming

that the bori20i}ta.l intensity of the eiarth's magnejtism

is 0.175, nearly, we should have from (3) —
175C^ 10 X !r-=-- ^«w CL = tan a (nearly') ;

1.1b \ JJ'

that is, the current in ampdres would be numerically

equal to the tangent of the angle of deflection

produced.

In most galvanometers this is not the case.. To
find the cun-ent, we have to multiply the tangent of

the angle of deflection by some factor, which may be

greater or less than unity. This is called the reduc-

tion factor of the galvanometer.

^

Denoting it by I, we have from (3) —

7=10
J. (6)

It is important to find the rediuction factor of a gal-

vanometer which is to be iised often, since it greatly

shortens the reduction of results.

Substituting from (6) in (3) we have simply—
= I tan a. (7)

Ifc may be observed that if a = 45°, so that tan a

1 Some writers call the reduction factor " the constant " of a gal-

vanometer. Since the reduction factor deptnrls upon the earth's

magnetism (see 6), it is evidently not constant. The eflfeqt of changes

in the earth's magnetism in a short course of experiments may, how-

e-ver, generally toe diisiegarded.
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= 1, we have C^ I. The reduction factor of a

galvanometer is therefore numerically equal to the

current which deflects it 45° ; that is, the current

which produces a field of force at the centre of the

coil equal to the horizontal componeni of the earth's

magnetism.

experimp:nt lxxix.

COMPARISON OF GALVANOMETERS.

^ 200. Construction of a Double-Ring Tangent Gal-

vanometer.— A "double-ring" tangent galvanometer

is represented in Fig. 225, also in horizontal section in

ElG. 225.

Fig. 226. It consists of two parallel coils of wire wound

.

on brass or wooden rings a and h, with a surveying-
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compass cd between them (see also Fig. 199, ^| 183).

In the case of a single-ring galvanometer, it has been

stated that the length of the needle should not ex-

ceed -jij the diameter of the coils. In the ya ly
double-ring galvanometer, it may be | of ;'

•

this diameter without introducing any •-

serious error into the results (Kohlrausch, if

Art. 93). For measuring battery cur- \
rents, each coil should contain about six

:

turns of No. 12 insulated copper wire, pje /jrj

It is recommended that the average di- Fig. 2£6.

ameter of the coils should be 32 cm. and the mean

distance between them 16 cm} The needle of the

surveying-compass should be not more than 8 cm.

long. When a current is made to divide in such an

instrument into two parts, so that half flows through

each coil, it is found that the tangent of the angle of

deflection is approximately equal to the magnitude

of the current in amperes.

^ 201. Determination of the Reduction Factor of a

G-alvanometer by the Method of Comparison.— The

single-ring galvanometer (Fig. 217) is to be adjusted

with its coil north and south (^ 193, 6), as near as

possible to the place (^ 193, 3) where the horizontal

intensitj' of the earth's magnetism was determined

(^ 183). The double ring galvanometer (Fig. 225)

is to be similarly adjusted in some position conven-

1 These dimensions have been calculated for places where the Iior-

izontal component of the earth's magnetism is .169 or .17 nearly. In

places where this horizontal component is neairly .18 the dimen-

sions should be 30 and 15 cm. respectively.

29



450 ELECTRICAL CURRENT MEASURE. [Exp. 79.

lent for future measureiiients. This position should

be accurately noted. The two. instruments (J. and

(7, Fig. 227) are then to be connected in series with

a constant battery (B) capable of yielding a current

of one or two amperes. The deflection of each gal-

vanometer is to be found by reading both ends of

each needle (^ 1^3, 5). The connections af Care

then reversed (see ^ 193, 9), and both deflections

again noted. The connections of A are next re-

versed and new readings taken. Finally the oonneq^

Fi(5. 227.

tions of G are again reversed, so as to be the same as

at the start,— the needles being read as before.

The observations of the two galvanometers should

be made at the same time, as nearly as possible. Let

a be the average angle through which A is deflected
;

a' that through which Cis deflected; then if the re-

duction factors (^ 199) of A and are I and T re-

spectively, the current Q which traverses both gal-

vanometers must be (see \ 199, formula 7) —
z= I tan a= I' tan a'

;

hence the reduction factor (/') of may be found by
the equation —

ji __ J
tan a

tan a''

We notice that the reduction factors of two galvan-

ometers are to each other inversely as the tangents



% 202.J THE DYNAMOMETER. 451

of the angles of deflection produced by a given

cuirent.

The student should be cautioned not to connect the

two galvanometers in multiple .arc (§ 140) ; for in

tliia case the current divides into two parts, which

may or may not be equal. Not knowing the ratio be-

tween the two parts, we can draw no conclusion as

to the reUitive sensitiveness of the two galvanometers.

Wlien the instruments are connected as above in

series, the same current (if there is no leakage) must

traverse the coils of both.

EXPERIMENT LXXX.

THE DYNAMOMETER.

^ 202. Construction of a Dynamometer. — A form

of dynamometer useful for measuring battery currents

is represented in Pig. 228. It consists of a wooden

bobbin, fffpn, with two grooves,

in each of which are wound 50

turns of No. 16 insulated copper

wire. Small holes are bored

through the bobbin at/,^, n, and

p, so that it is possible to measure

directly the inner and outer di-

ameters of the coil. The average

diameter is about 25 cm.

A small hollow wooden cube *"^- ^^s-

{ijkV), measuring 5 cm. each way, is now wDund with

80|- turns of No. 24 copper wire, the ends of which
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are connected by No. 31 spring brass wires (cA and

mo) to a fixed point beneath, o, and to the centre (c)

of a knitting needle {bd), as in the torsion balance (see

Fig. 176, Tl 165). The length of the wire should be

taken so that the coefficient of torsion of the wire

ch may be some round number, let us say 10 dyne-

centimetres, per degree (see ^ 165). Thus if 100 cm.

of the wire has been found (Exp. 64) to have a co-

efficient of torsion of 2 dyne-centimetres per degree,

we may make ch just 20 cm. long, so that it may

exert a couple of ^^^ x 2 = 10 units per degree.

It will be observed that the constant of the large

coil, having in all 100 turns, and a mean radius of

12-5 cm., is (see ^ 133) —
^ 2x3.1416x100 f.^ , ...K= j^-g = 60, nearly, (1)

while the magnetic area of the smaller coil is (see

§134)-

J. = 80| X 5 X 5 = 2000, nearly. (2)

The constant of the dynamometer is accordingly

(§135)~

i)= 50 X 2,000= 100,000 absolute units, nearly. (8)

In other words, a current of 1 absolute unit would cre-

ate a couple of 100,000 units, tending to twist the

wire. A current of 1 ampere (being J^ of the ab-

solute unit) will have.jlg- the effect, not only in the

cube (ijkl), but also in the large coil Xtgipn). The

couple produced, depending upon the product of

these two effects (see §§ 133, 134), will be accord-
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ingly less than I) (in formula 3), in the proportion of

100 to 1. It follows tliat 1 ampere will exert in this

instrument a couple of about 1000 dyne-centimetres

;

and that it will require a twist of 100° in the wire ch

to balance it if, as has been supposed, 1° corresponds

to 10 dyne-centimetres. Since the couple produced

is proportional to the square of the current (§ 135),

the current must be proportional to the square root

of the angle of torsion which is required to balance

this couple.

The proportions of the dynamometer have been

chosen above so that tlie square root of the number

of degrees indicated by the needle hd maj- give at

once (approximately at least) the current in tenths

of an amp&re.

^ 203. Determination of the Constants of a Dyna-

mometer. — Before making use of a dynamometer to

measure electrical currents, it is necessary to find

(1) the constant of the large coil (^fgpn. Fig. 228),

(2) the magnetic area (§ 134) of the small coil (JokV)^

and (3) the coefficient of torsion of the wire.

(1) Tlie diameter of the large coil may be deter-

mined as in ^ 198 ; but as the coils of the dynamome-

ter contain several layers of wire, it is more accurate

to measure directly the outside and inside diametei'S.

For this purpose holes are made at/,^, n, and p, in the

side of the bobbin. The number of turns, if unknown,

may be estimated by counting tlie layers and the

number of turns in each. From the whole number

of turns and from the mean diameter of the coil, the

constant (^K) is to be calculated as in ^ 199.



454 ELECTRICAL CURRENT MEASURE. [Exp..80.

(2) To find the mean diameter of the square coil,

the outside diameters /A and hi are to be measured

by a Vernier gauge. The diameter of the wire is to

be found by measuring the width of the 80 or more

turns between i andy, then dividing by the number

of turns. Subtracting this diameter from the outside

diameters/^ and hi, we have the mean diameter of

the coil. Unless a wire passes through the middle of

the cube in the direction co, it is obvious that there

must be a whole number of turns plus one half turn

on the cube ijhl. To avoid making a mistake, the

turns should be counted on both sides of the cube.

The magnetic area, A, of the square coil is then calcu-

lated as in § 134.

(3) The instrument is now to be laid upon its

side, and a light balance-arm is to be attached to the

cube (see Fig. 176, ^ 165). The wire cTi will prob-

ably have to be supported near h to prevent it from

sagging under the weight of the cube. The wire

should, however, rest freely upon the support, so as

not to affect the torsion. The coelficient of torsion

of the wire ch is then to be found as in ^ 165.

^ 204. Determination of Reduction Factors by means

of a Dynamometer.— The Dynamometer is now to be

set upright with the plane of the large ring north and

south, and adjusted by twisting the needle hd so that

the planes of the large and small coils are at right-

angles. A fixed mark should be placed on the wall

of the room so as to be in line with two sights jh on

the small coil, when the coil is at right-angles to the

large coil. The reading of the needle is to be ob-
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sefved. The iiistrlttaent is theil to be connected (as

in ^ 201) in series with a single-ring tangent galvan-

ometer, and with a battery of several Bnnsen cells,

capable of sending a current of about 1 ampere

through the circuit. The needle hd is to be turned

until the sigljtsy and k on the small coil come in line

with the same mark as before. The reading of the

needle is to be again observed, and also that of the

tangent galvanometer.

The current is now to be reversed in the large Coil,

but not in the small coil of the dynamometer ; then

reversed in the battery ; then the^ original connec-

tions of the dynamometer are to be restored. In eadh

case readings of the dynamometer and of the gal-

vanometer are to be made.^

If t is the coeflficient and a the angle of torsion of

the wire, the couple is ta. If K is the constant of

the large coil, A the magnetic area of the small coil,

we have for the current c, by § 135—

= i/ , in absolute units

;

KA

or in amperes, C= 10 y -=^ ,

since an ampire is one tenth of an absolute unit.

From the current, C, and the mean deflection, d,

which it produces in the tangent galvanometer, we

1 The ddiiple produced by ft current may also be measured by turn-

ing the Instrument oh its side as in t 203, 8, and directly counter-

poising the current with weights plilced in one pan of the balance.
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may find the reduction factor of the latter by the

formula—
1=

tan d

We may also find the horizontal component (ZT) of

the earth's magnetism by the formula—

^=10'

derived from ^ 199, 6, using the new value of I.

If the values of / and H found by means of the

dynamometer differ from those previously determined

(Exps. 74 and 78) by more than 5 or 10 %,^ the stu-

dent should repeat all the measurements upon which

these values depend.

EXPERIMENT LXXXI.

ELECTRO-CHEMICAL METHOD.

^ 205. Determination of the Reduction Factor of a

Galvanometer by the Electro-Chemical Method. — The

galvanometer is to be adjusted with the plane of its

coil parallel to the magnetic needle (^ 193, 5), and

its exact position noted (^ 193, 3). The terminals

1 The use of a small square coil in a dynamometer is simply for

convenience in tl)e explanation of tlie instrument to students. For

accurate measurements, a round coil is to be preferred. In any case

there are certain corrections to be applied to the dynamometer on ac-

count of the size and shape of its coils (unless tliese be carefully pro-

portioned) which if neglected may account for errors of 3 or 4 %.
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of the galvanometer (h and i) are to be connected

with the poles of aDaniell cell, a and b (Fig. 229, 2),

through a commutator defg (see ^ 193, 9). The

ordinary copper (or positive) pole is replaced by a

spiral of copper wire (6, Fig. 229, 1 and 2) with a

coupling e, provided for convenience in weighing.

The spiral should have been cleaned with nitric acid

before the experiment. The solution of sulphate of

copper with which it is suri-ounded should be satu-

rated and free from all impurities, especially acid,

ammoniacal, and oxidizing or reducing agents. The

deflection of the galvanometer should be about 45,

PlO. 229.

— more rather than less. If it is less than 30° the

porous cup should be changed, or another cell substi-

tuted. When the spiral has been freshly coated with

copper by the action of the battery, it should be dis-

connected from the coupling (e), dipped in three

changes of fresh water, then in alcohol, and dried

in a temperature not exceeding 100°, to avoid oxida-

tion of the copper. Its weight is then to be found

within a milligram, if possible, by a series of double

weighings (Exp. 8).

The spiral is now to be r^eplaced in the cell, and

connected with the galvanometer as before. The time
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when the conneotion is made must be accurately noted.

The deflection of the galvanometer is to be recorded

at intervals of one minute. Each end of the needle

should be alternately observed (^ 193, 5). At the

end of 25^ minutes the commutator defg is to be

suddenly turned (see ^ 193, 9) so that the current

through the galvanometer may be reversed. Obser-

vations of the galvanometer needle are to be contin-

ued, at intervals of one minute, for another 25

minutes. There will thus be 50 observations in all.

At the end of 50 minutes and 50 seconds, exactly^

the current is to be suddenly cut off. The copper

spiral is to be cleansed in three changes of water, with

care not to dislodge any of the fresh deposit, then

dipped in alcohol, dried, and reweighed accurately

as before. The results are to be reduced as in

T[ 230.

^ 206. Theory of the Ule&tro-Chemical Method.—
It has been found that a current of 1 ampere deposits

1 gram of copper in the course of 50 minutes and

about 50 seconds (the total duration of the experi-

ment). The strength of the solution has little or no

effect upon the result, always provided that enough

copper is present irt it (§§ 142, 143). The amount

of copper deposited varies only with the strength

and duration of the current.

If C is the strength of the current in amperes, t

the time in seconds, and m» the weight of coppei?

deposited, we have accordingly—
Ct

^ = -3050
'

"'"'^^^' ^^^
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„.,^ 8050 W 1 ^osand C= -
) nearly. (2)

c

If, as in the experiment, ^ ^ 50 minutes and 50 sec-

onds, that is, 3050 seconds, we find simply—
G= w. (3)

That is, the average value of a current in amperes is

numerically equal to the weight in grams of copper

deposited by it in 3050 seconds.

Now from ^ 199, 7, we have, at any point of time,

0:= I tan a, (4)

where a is the angle of deflection produced by the

current in a tangent galvanometer, and / is the re-

duction factor of the galvanometer. Hence, averag-

ing the different results from the 50 observations of

the needle, we find, comparing (3) and (4) —
w r= average of I tan a. (4)

In practice, if the angles do not differ by more than

10 %, the same result, (nearly) may be obtained mugh
more easily by averaging the angles themselves, then

finding the tangent of this average. That is, if A is

the average angle of deflection —
to = I tan A, nearly. (6)

The reduction factor may now he calculated by the

formula—
T= -^. (7)

tan A
Having found the constant,, K, of the galvanometer

(^ 199, 1), we may calculate the horizontal com-
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ponent (5") of the earth's magnetism, as in T[ 204,

by the formula (derived from ^ 199, 6) —

^=f (8)

If the value of H obtained by the electro-chemical

method does not agree with previous determinations

(Exps. 74, and 80), the last experiment (Exp, 81)

should be repeated until at least 3 results, obtained

either by the same or by different methods, agree

within let us say 5 %. All previous measurements

leading to a different result should now be repeated.^

EXPERIMENT LXXXII.

METHOD OF VIBRATIONS.

^ 207. Construction of a Vibration Galvanometer.

—

A form of galvanometer easily constructed is repre-

sented in Fig. 230. It consists of a coil cfg (made by

winding 14 turns of No. 18 insulated copper wire

upon a hoop of wood, brass, or pasteboard, 10 cm. in

diameter) with a short magnetized needle e, attached

to a bullet d and suspended at the centre of the coil

b}' a fine waxed fibre (^cd') of untwisted silk (see

^ 186). The strength of the magnet and the weight

of the bullet should be proportioned so that the

' The student will do well to examine his calculations before re-

peating the measuremenls upon which they depend. A common
error is a miscount or misconception of the number of turns of wire

utilized in the coil of a galvanometer or dynamometer, particularly

when the coils are connected in multiple arc. See footnote, 1 199.
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needle may complete 10, vibrations in about 1 minute.

A short test-tube may be employed to cut off cur-

rents of air (see Fig. 204, ^ 186).

The ends of the coil may be carried to binding-

posts, / and g. Connections at / and g may also , be

made by simply twisting the wires together (^ 193,

11).

When an ordinary battery current is sent through

the coil, the magnetic field of force created by the

current will greatly, increase the rate of vibration of

the needle. We have seen (^ 186 and § 110) that a

field of magnetic force is proportional to the square

Fig. 230.

of the number of vibrations which it produces in a

magnetic needle. In accordance with this law, the

dimensions of the instrument have been chosen so

that the square of the number of vibrations com-

pleted in 1 minute may represent approximately the

strength of the current in thousandths of an ampere.

In calculating these proportions, it was assumed

that the needle made exactly 10 vibrations per minute

under the influence of the earth's magnetism, the

strength of which was taken as 0.176 dynes per unit
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pf magnetism (see Exps. 72, 73, 74, 80, and 81).

No allowance was made fpr the eifects of magnetism

induced in the needle, which (unless the needle be of

the best steel and highly magnetized) may account

for, errors of 5 or 10 per cent with currents of 1 or

2 amperes. To obtain accurate results with a vibra-

tion galvanometer, it would be necessary both, to

ealibrate it (see ^ 196) and to compare it (as in Exp.

79) with a galvanometer of known reductiou factor.

When, however, as in this experiment, the instru-

ment is to be used for rough work and for relative

indications only, such tests need hardly be applied.

The influence of the earth's magnetism upon the

vibration galvanometer must be allowed for, as will be

explained in ^ 209.

^ 208. Determination of the Relative Strength of

Battery Currents by means of a Vibration Galvanometer.

— A vibration galvanometer (^ 207) is to be set up

with tlie plane of its coil vertical, but (contrary to

the usual custom, ^ 193, 5) at right-angles with the

magnetic meridian. The time required for 10 vibra-

tions of the needle (which should be about 1 minute)

is now to be accurately determined. The needle may

be set in vibration by bringing a magnet near it, then

suddenly taking the magnet away. The arc of vi-

bration should not exceed 30 or 40 degrees (see

Table 3, g).

The terminals of the galvanometer, /and g, are now

to be connected respectively with the poles, a and J,;

of a battery constructed as will be described below.

The student must notice carefully vi^hether the needle
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points in the same direction as Uefore, ox whether the

needle is reversed. In the Igstter case the connec-

tions of the galvanometer with the battery should be

interchanged; tliat is,/ should be connected with b,

and g with a.

The number of vibrations made in 1 minute (or

whatever time was required for 10 vibrations under

the earth's magnetism} is now to be accui'ately deter-

mined. In no case should the arc of vibration ex-

ceed 30 or 40 degrees.

The battery to be employed in this experiment con-

sists of a glass tumbler, half-filled with dilute sulphu-

ric acid^ (10 % by weight), a porous cup with an

internal diameter not less than 5 cm., containing a

solution of sulphate of copper, and two strips, one of

sheet zinc, the other of sheet copper, each 5 by 10

cm. Connecting wires should be soldered to both

strips. The current from this battery is to be tested

under the following conditions

:

(1) When the zinc and copper strips are placed

side by side in the sulphuric acid, but not touching

each other.

(2) The same after the zine has been amalga-

mated by rubbing it with mercury.,

(3) (4) (5) The same after the current has been

allowed to flow for five, ten, and fifteen minutes

respectively.

(6) The same except that the hubbies gathered

1 To avoid accidents in mixing sulphuric acid witli water, tlie acid

should be poured in a fine stream into the water, so that the heat

generated may be quickly dissipated.
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on the copper strip have been removed by a camel's-

hair brush, without exposing the copper to the air.

(7) The same, except that the copper has been

exposed for a few minutes to the air.

' (8) The same except that the copper has been

amalgamated by being rubbed with nitrate of mer-

cury.

^

(9) The zinc and copper strips are now to be care-

fully weighed ; the zinc is to be replaced in the sul-

phuric acid, but the copper is to be immersed in the

solution of sulphate of copper contained in the porous

cup, and the latter is to be placed in the tumbler con-

taining the acid.^

(10) (11) (12) The same after the current has

been allowed to run for five, ten, and fifteen minutes

respectively. The zinc and copper strips are now to

be reweighed. The results are to be reduced as will

be explained in the next section.

^ 209. Reduction of Results obtained with the Vi-

bration Galvanometer. — It has been stated that the

square of the number of vibrations completed in one

minute by a vibration galvanometer constructed as in

^ 207, gives approximately the current to which

these vibrations are due in thousandths of an ampere.

To find, accordingly, the current in amperes, we

square the number of vibrations produced in the

given length of time, and divide by 1000.

1 Copper may also be amalgamated by dipping it into nitric acid,

then nibbing it with mercury by means of a cloth. Care must be

taken not to let nitric acid come in contact with the hand.

2 This combination constitutes a Daniell cell. See also Fig. 235,

1211.
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It must not, however, be forgotten that the earth's

magnetism alone accounts for about 10 vibrations per

minute. The earth's field is accordingly equivalent

to that produced in the vibration galvanometer by

^YA °^ ^-1 ampere. Care should have been taken in

the experiment to have the earth's magnetism and

the current acting always in the same dii'ection.

In this case all the results will be too great by

0.1 ampere. By subtracting this amount in each

case, the effect of the earth's magnetism will be

eliminated.

The strength of each current in ^ 208, (1) to (12),

should be calculated roughly in this way.

The student will notice that the visible action of

the sulphuric acid on the zinc is arrested by amalga-

mating the zinc with mercury ; that the action begins

again when the zinc is connected with the copper

strip, but that the bubbles of gas are then set free

from the copper instead of from the zinc ; that the

amalgamation of the zinc does not impair tlie useful-

ness of the battery ; that the current steadily de-

creases when both strips are in sulphuric acid, though

it is temporarily increased by removing the bubbles

from the copper, and by exposing the copper to the

air; that amalgamation of the copper does not pre-

vent the formation of bubbles upon it, nor improve

in any way the action of the battery; that the for-

mation of bubbles is arrested by placing the copper

in the solution of sulphate of copper, and that in

this case the battery furnishes a steady current; that

the zinc plate loses in weight, but that the copper
.30
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plate gains in weight toy ia nearly equal amoiint,i

owing to fresh copper deposited, ujw-n it. W« hav«

jalready made use <in Exp. SI) ©f the quantity of

copper thus deposited to measusje an eleGtrical

current.

EXPERIMENT LXXXJII.

THE AMMETER, I.

^ 210. Testing an Ammeter.—The name "ammeter "

(an abbreviation of ampSre-me'ter) is given to any

instrument indicating directly the strength of elee-

trical currents in amperes. Ammeters are manufac-

tured in various forms. Most of them depend upon

the attraction which an electrical current, circulating

in a coil of wire (5, Fig. 231), exerts upon a perma-

nent magnet or upon a core of soft iron. In some in-

struments this electro-magnetic attraction 'is balanced

by a spring, in others by gravity ; in others again it is

balanced by the attraction of a permanent magnet (e^.

SucTi instruments depend

for their accuracy upon the

constancy of the magnet,

,

^i»-23i.
j^jj^ even if correctly grad-

uated at the start, are subject to errors wMch m^y be

indefinitely great. Recently instruments have been

1 If we assjtnie that there is no wasteful action, of the hattery,, the

quantities of zinc dissolved and of copper deposited should be to

each other as the atomic weights of zinc and copper, 64.9 and 63.1

respectively.
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' mamufaicturfid im wWg^* ohi^kop+s are imfiS-guveGl by the

attraction jietween tpo qoilg o£ iWWis tuasr^'SQ;^, hj tlie

same eiefAvm&l ©urrpnt, S$ieii instKumteri'ts aiie propr

eiiy eaclled etectr.o-dyQaaiometes'^ (sifte Jlj£p. 84). If

carefully graduated, they may serye as s^an4wi^ for

tibfi -(fefeerminatioo .qf eje^s-ti-ioal .GOjrr^Bts.

(4mmiebfir^ are usuftJiy intendeii to measure cur-

rents of ait leiist.lO ai.mj)|i3es,^Hd Jjeiflg gen-eraiUy sea-

FlG. 232.

sitive ©riy to aboijst ^,^ ^umpSre, thpy canaot measure

small currents very pr^sely. On tl^e pther hand,

the ta»gefH't galvanproeifcejcs desiea'ibed in ^ 194 tend

^ 2Q0 are intended ft^ weasiiU'e currents of .9, fgAjv

amperes only. To compuvie an ammeter ^^ih such

insitriUimieintSi it must be (g0i3B©e't§d with t-^oo?" mpire

frf them in multipi<^ afc 'C;^ 140). A powerful batter;"

fia. 233.

©f, titt'eig or feur Bi^ein 'fiejj§ 4§ JiJlftP AJifiluded in the

circuit. 4- 4i^graxa.oi cannections,is given in Fig. 232,

.Wihere A -repsre-sejiits thg ammeter, SJS the battery, C
^ad D tsvQ gjalyan^^t'^rs. To avoid the influence

qf the -conDecting wires upon the.instj'j9mentr(.^ 19.3,

8), the arrangement would practically be made ss in
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Fig. 233. The battery cells are represented in both

diagrams (Figs. 232 and 233) as being connected in

multiple arc (§ 140), since in this way they usually

yield the greatest current through instruments of low

resistance (§ 146).

If a, a', &c., are the deflections of the galvanome-

ters ; /, /', &c., their reduction factors, the currents

through them are respectively / tan a, I' tan a', &c.

Hence the total current C is—
C == Itan a -\- I' tan a' + #c.

The experiment should be repeated with batteries

containing different numbers of cells, or the same

number differently arranged, so as to produce cur-

rents of from 1 to 10 amperes.

The results should be tabulated in the ordinary

manner, in three columns, containing respectively,

(1) the current calculated from the galvanometer de-

flections; (2) the current indicated by the ammeter,

and (3) the corresponding correction of the ammeter.

EXPERIMENT LXXXIV.

THE AMMETER, II.

^211. Determination of Battery Currents by means

of an Ammeter. — The electrical resistance (§ 136) of

ammeters is usually so slight that it may be neglected.

To measure the maximum current which a battery

can produce, the screw-cups of the ammeter are to be

connected by short thick copper wires with the pole-
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cups of the battery in question. The wires should

be parallel or twisted together, as in the last experi-

ment (see Fig. 233), and scraped bright at both ends

(T[ 198, 11). The indication of the instrument is to

be noted.

With any instrument of the class known as amme-
ters, the student is to determine the maximum cur-

rent which can be derived from various well-known

forms of voltaic battery, as, for instance, the Bunsen

ElG. 234. Fig. 235. EiG. 236.

ceil (Fig. 234), the Daniell cell (Fig. 235) and the

Leclanch^ cell (Fig. 236). The observations may
be continued in each case at intervals of five minutes

for half an hour.^ The material employed in each

cell, and the dimensions of every part,^ should lie

' An old Leclanch^ cell may be employed for this experiment It

may serve subsequently for experiments with Wheatstone's Bridge,

but for otlier purposes it will be rendered nearly useless.

" If a sufficient current cannot be obtained from a single cell of a

given sort, two or more cells should be employed. The student

should notice that with instruments like the ammeter having a very

low resistance, it is more effective lo arrange batteries in multiple

arc than in series. See § 136, also Figs. 232 and 233, 1 210.
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carefully noted. The correrfions for varioas cur-*

rents indicated by the ammetei- have been found in

the lalst experiment. The proper eorj'ection shourld

be applied tO' each reading. The- results are to be

represented by a series of curves (Fig. 237) plotted

on the same sheet of co-

ordinate paper, A seale

at' the topi of ttie' paper

indicates t&e time' in min-

utes, and a scale at the

left of the paper repre-

sents the current in am-
*'^'*- 237- p^res. Each ciarve shotild

be marked with the nitme of the cell or battery to

which it belongs.
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ELECTRICAL EESISTANCE.

EXPERIMENT LXXXY.

METHOD OF HEATING.

^ 212. Deteiminatiioii of Resistances by the Metbetd

of Heating..—A short spiral ('«:, Fig.. 238) oi fine

German siivear- wu'e, .01 em. diameter (about. No. 36)

and 15 cm. longv is, soMei'ed to tlie two)

terminals b and a of two insulated cop-

per wires, d and e, passing tha-ough a

cork fitting the inner cup of a calori-

meter (5, Fig. 239). The wires (bd

and ce) should be so thick that their

electiieal resistance, may be aeglieeted in

comparison with tbat of the spiral. The

cork and Viires are- then inverted and

placed in the caloi-imeter (B, Fig. 239)

containing a safficjient quantity of dis-

tilled water to cover the spiral. The
tempeiatuire' o-f the water, wliich should

be slightly below tbat of ihe room, ^^ ^^^•

is found by a series of observations (^ 92, 10) made

with a thermometer passing through the cork as in

Fig. 239. The thermometer i» provided with a stirrer

(see ^ 65, Fig. 50) so that a uniform temperature

may be maintained.

The instrument thus constructed (B, Fig. 239) is
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to be connected in series with a Bunsen cell (J.) and

with a tangent galvanometer (C) adjusted in the

same place and manner a.s in Exp. 83.

The time when the connection is made must be

accurately noted. The tangent galvanometer is to be

observed at intervals of one minute. Between the ob-

servations, the water in the calorimeter is to be stirred

by twisting the stem of the thermometer. When
the temperature reaches that of the room, the direc-

tion of the electrical current is to be suddenly re-

versed by interchanging the battery connections (see

^ 193, 9). The observations of the galvanometer are

Fie. 239.

to be continued until the temperature of the water

rises as high above that of the room as it was origi-

nally below it. Then the circuit is to be broken.

The time when the current is interrupted must be ac-

curately recorded. Several more observations of the

temperature within the calorimeter are to be made at

intervals of one minute, so that the resulting temper-

ature may be accurately determined.

The weight of the calorimeter and of the water

which it contains are finally to be found by weighing

the calorimeter with and without the water.

^213. Calculation of Resistance by the Method of

Heating. — Let w be the weight of water, and TTthat

of the calorimeter from which its thermal capacity
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c is to be calculated,' and let t^, and t^ be the temper-

atures of the water at the moment when the circuit

was first made and finally broken. These tempera-

tures are to be inferred from the observations made

before and after the experiment (see ^ 93, 2). Since

the average temperature of the water agrees with

that of the room, no allowance need be made for cool-

ing in the mean time (^ 93, 3). The quantity of

heat, ff, generated by the electrical current is there-

fore—

Now let T be the time in seconds during which

this heat was generated ; then the average rate at

which the heat was generated must have been ^ units

per second. Since 1 unit of heat per second corres-

ponds to a power of 4.166 watts (§ 15), the power, P,

spent by the electrical current, in watts, is—

We now calculate the average current, C, in am-

peres, from the angles of deflection (a) averaged as

in ^ 206, and from the reduction factor of the galvan-

ometer, J, already determined (Exps. 78-81) by the

formula—
C= I tan a. 11.

We have finally, by Joule's Law (§ 136) for the

resistance, -B, of the conductor in ohms—
B = ^,. III.

I If the calorimeter is of brass, its thermal capacity is .094 W.

nearly. To this should be added about 0,5 units for the thermal ca

pacity of the thermometer and stirrer. See 1 90 (2).
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If the experiment were varied so as to make the

current just 1 amp^rey then, since 0= I, R would b©

equal to P. Tiiisi is in accordance with the' defi*

nition of resistance (§ 136)^ Tlie student should

bear in miiwi that the resistance of a eenductor in

ohms is nothing more or less than the power in watts

required to maintain in that conductor a current ol

1 ampere.

EXPERIMENT LXXXVI.

COMPARISON OP RESISTANCES.

^ 214.. Construction, of a Rheostait.—A rheostat

amy be constructed as in Fig. 240. A series of brass

blocks (/«/) is firmly attached to a plate of ebonite

Fig. 240.

{KL), which is a non-cOnductor of electricitj^. The
brass blocks are connected by coils- of German-silver

wire, which should be well insulated with silfc. Each
wire should be doubled in the middle (see Fig. 240),

and the double wire should be coiled up or wound
on a bobbin. The equal and opposite cnrrents in any
part of the coil thus neutralize, each other as far as
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external! magntetie effects are Gonceraed.' Brass

plugs B, 0, &e., are fitted into hollows between' the

blocks, so- as to make' good eieetrical conneetions.

Wbem all the plugs- are in place, a. current flowing

through the bleekg i» series from the binding-post

A to the binding-post ff, should meet with a hardly

appreciable resistance. If, howevevj one of the plugs

(as B) is reuaoved, tlie current is obliged to pass

through one of the coils. It meets therefore, with a

certain' electrical resistance.

The resistance of the first coil in the series is itsut

ally 1 ohm (§ 20) ; that of the second is 2 ohms; the

third and fouTtk are either 2 and 5 or S and 4 ohm&.

It is thus possible, by taMilg out one or more plugs

at the same time, to introduce i^esistances from 1

to 10 ohms into the path of a current. The series of

resistances may be extended by attding' three new-

coils of 20, 20, and 5® ohms' resistance. With seven!

coils, we may thus obtain any resistance from 1 to

100 ohms. With three more coils of 200, 200, and

500' ohms resistance, we infly extend the limit to 1000

ohms. With additional coils of 0.1, 0.2, 0'.2, and 0.5-

ohms, the I'csistance may be adjusted to a tenth of an

ohm, &c. For convenience, extra coils of 1, 10, 100,

and 1000 ohms are usually provided. The same re-

sults may be obtained by the series 1, 2, 3, 4, 10, 20,

30, &e. The line of resTStaHdesis Hsaally bent, as in

Figi 241, SO' as to occupy as Mttld space as possible.

Connections with the two ends of the series are made;

1 The eifeots of " self induction " should also be to a great ex-

tent eliminitted by this mefWd of winding the coilk
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by means of the binding -posts a and d. It is con-

venient for many purposes to include an entirely

separate line of resistances, Se/b, in the arrangement.

In the first part of this experiment the inner line will

not be required. It should therefore be entirely dis-

connected from the outer line by the removal of the

plugs which join the two lines together.

Fig. 241. Fig. 242.

Both series of resistances are usually piacked in a

box (Fig. 242), variously called a " box of coils," a

" resistance box," or simpl}'^ a " rheostat."

^ 215. Determination of Resistances by the Method

of Substitution.— To find the electrical resistance of

any conductor, as for instance the coil of the dyna-

iiL
Fig. 243.

mometer employed in the last experiment, the coil

(C, Fig. 243) is to be connected in series with a

battery {B) and a tangent galvanometer (6r). The

deflection of the galvanometer is to be carefully ob-

served. The dynamometer is now to be disconnected,
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and in its place a rheostat, B (Fig. 244), is to be in-

troduced into the circuit by means of the binding-

posts and d. The plugs connecting the inner

and outer lines of resistance are to be removed,

so that ^ the current can circulate only through the

outer line. The plugs along this line should all be

diiven lightly into place, and turned round in their

sockets, so as to make good electrical connections.

Enough plugs are now to be removed to reduce the de-

flection of the galvanometer to its former magnitude.

The resistance in ohms brought into play by the

removal of each plug is indicated by the number op-

Fia. 244.

posite its socket (Fig. 241). If the first resistance

tried is too small, that is, if it fails to reduce the cur-

rent suflBciently, one about twice as great is tried

;

if the first resistance is too large, we try one about

half as great. In fact we use with a set of resistances

the same method of approximation as with a set of

weights (^ 2).

In the process of trying the several resistances, the

current from the battery is liable to change. It is well,

therefore, to replace the dynamometer in the circuit,

and having observed the galvanometer, to substitute

immediately the box of resistances (as previously ad-

justed) for the dynamometer. When two conductors
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cam ibe thus substituifced ope for -the other iji ap elec-r

trieal circuit witboiit affecting the curre/Qt, their filec-

tr.ical resieta-nces are eTidently equal according to -the

general iprinciple of substituti'Dn (see § 43)- We
have only, ftiierefore, to add together -the resistaaces

of tSaiose coils in the box through js^hich the ...our-

TEflt flows, iai oi>dier to .find the resistance of 4die

dynamoasneter.

To sa-vic time in ^laJkiAg coMii'eefcions, the terminals

of the coil O imsiy be carried t-o the lundingipo^s a

and e of the rbeostat (Fig. 245). Oae of the battjery

wires is tfaen carried to d, the other to the galvanom-

eter (t, and back to /. Plugs connecting b with e,

akiet

Fig. 245.

'6 witTi e, -aTid c with /, are to be removed ; the others

are to remain. The binding-posts e and / are thus

insulated from the re&t of the instrument. The bat'

tery current then flows fi'om d to a through the ouiter

line of resistances, then from a to e through the eoiil

C, then through/ to the galvanometer Gr and back to

the battery. If b and c be now connected by the in-

sertion of a plug, the current will flow directly (firora

d to a, and thus the rheostat resistance will be >'eut

out of the circuit." If the plug connecting b and c

'be removed and inserted between b and^, the current,

after flowing through the outer line of resistMceSj
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will make a slioyt -circuit from i to e, insteafl of pass-

ing tiirough the coil C The coil will tberefore be

^' cut out of the cireuii," Bj aaaoving a single plug,

accordingly, fi'om one place to another, the iihe<j)S!tat

may (be sub^i-tuteii in the circiiit for (the dynamom-

eter, and nice v&rsa. The aeciaracy of itbg (units indi-

cated iby the box 'Of resistaniees may be pcoyisionally

taken for gKiiibedl.

^ 216. Determinatioa of Resistances iby tlie Metbod

of Ipterehange,—A battery, £, (Fig. 2#6), is tio be een-

nected with a coil, C, ©f unknown nefiistanee, and with

a rheostat, M, of variable resistance in mnltipte aajc

(§ 140). The wires from the coil and fi'Qni the rheo-

Q
E->^n

Fig. .246.

Stat are to be carried back to the battery, each through

one half of a differential galvanometer,, (3'(t. The re-

sistance of the rheostat is to be adjusted if possible,

by the removal of plugs, so that the deflection of the

galvanometer may be reduced to zero. Since this

occurs when the currents through the two halves of

the galvanometar are leq-ual, the tata-l resistance in

the two branches of the circuit containing C and E
must be equal. Assuming therefore that the two

halves .of the galvanometer and th« connecting wires

have equal resistances, the resistance of ihe coil G

must be -equal to that of the rheostat E.
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To make sure that the two halves of the galvan-

ometer are exactly alike, the positions of the coil (C)

and rheostat (i2} should now be interchanged, and

the resistance of the rheostat readjusted if necessary.

In the absence of a set of resistances by which the

rheostat may be adjusted within, let us say, -^ of an

ohm, two adjustments must be made. In ond, the

resistance (i^i) of the rheostat will be too small, and

the galvanometer will be deflected x° in one direc-

tion. In the other adjustment the resistance (-Bj) o^

the rheostat will be too great, and the galvanometer

will be deflected «/° in the opposite direction.

The resistance (i2) sought can evidently be found

by the ordinary method of interpolation (§ 41, ^ 26),

that is—
iZ = ^1 +—i— (-B,— -Bi), nearly.x+ 1/ '

In the absence of a differential galvanometer, the

student should make by the method of substitution

(H 215) as many determinations of resistance as time

will allow. Other methods of comparison will be

considered in experiments which follow.

EXPERIMENT LXXXVII.

wheatstoke's bridge.

^ 217. Determination of Electrical Resistances by a

Wheatstone's Bridge.— A form of Wheatstone's Bridge

used by the British Association and ordinarily knowa
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as the " B. A. Bridge," is represented, with slight

modifications, in Fig. 247, which gives

a view of the apparatus from above.

Three strips of copper, mb, ce, and fg,

ai'e arranged in a line on a piece of

wood, with small spaces between them.

A fine German-silver or platinu™ wire

hj, often called the " Bridge wire "^ is

stretched over a rail 1 metre long,

graduated in mm. The wire is soldered

at both ends to corners of the strips

(aJ and/^), which are turned up so as

to be on a level with the wire, A
cross-wire is attached to a slider (i, Fig.

248) so that it may be made to touch

the wire A/atanj point. Binding-posts

are usually added at a, J, e, d, e, /, g,

and i. The latter serves to connect any

conductor (as Gri) with the cross-wire,

and thus to make an electrical connec-

tion between it and any point of the

wire ij.

The terminals of a dedicate galvan-

ometer 6?, (see also '^f 188, Fig. 207)

are to Ije connected with the binding-

posts d and i. The resistance coil C,

tested in Exp. 8^, is to connect b and c.

Two binding-posts (a and d, Fig. 242) pio. 247.

1 To ayojdiDJsconceptJDns.prising from tbjs name, it may be well

to point out to tlie student at tiie start tliat tlie " Bridge wire " is not

tlie "Wheatstone's Brldffe" {%UV).

31
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of the rheostat used in Exp. 86 {R, Fig. 248) are to

be connected by thick copper wires with e and /(Fig.

248). One of the plugs is to be removed from the

rheostat, so as to give a resistance of 1 ohm. The

poles of a battery (5) are then to be connected with

the. binding-posts, a and g.

The current from the battery is thus made to

divide into two parts. One part flows from a \.o d

through the coil (7, then from d to g through the re-

sistance R (or the reverse) ; the other part flows

from a to i, through the resistance of the wire hi;

then from i to g through the resistance of the wire

Fig. 248.

ij (or the reverse). The resistance of all other con-

ductors may be neglected. The galvanometer cir-

cuit forms a cross-connection or " Wheatstone's

Bridge " (§ 141) between the points d and i of the

parallel circuits adg and aig. The points a, d,g, and i

correspond accordingly to A, B, C, and D in Fig. 18,

§ 141. The slider i is to be moved from one end of

hj to the lother xintil a point i is found having the

same potential as d (§ 141), so that the galvanometer

shows no deflection. The distances hi and ij are to

be carefully measured. The poles of the battery are

next to be interchanged and the experiment repeated.
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The average of the distances hi and ij is to be found.

Assuming that the wire is uniform, the resistance of

these portions A and B will be to each other as their

lengths, hi and ij. That is—

A hi

B~ if

The resistance C is now calculated from the resist-

ance R in the box of coils (1 ohm in tliis case) by

the formula (§ 141) —

C=EX^. I.

V

The experiment is to be repeated with the places of

C and R interchanged. In this case the formula will

become—
0=Bxii II.

hi

By removing from the box of coils different plugs,

other measurements of the resistance O may be made.

The student should satisfy himself that with various

values of B, the same value of is always obtained.

The most accurate value is usually that which is

found when B Is nearly equal to 0.

If the value of thus determined differs by more

than 10 % from that found in the last experiment,

the latter should be repeated. By this means gross

errors in the box of coils may be found out. It

should be remembered that the British Association

Unit which is copied in many boxes of coils is only

about 987 thousandths of a true ohm.
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EXPERIMENT LXXXVIII.

SPECIFIC RESISTANCE.

^ 218. Specific Resistance.— The specific electri-

cal resistance of a given material may be defined as

the resistance of a conductor made of that material,

1 cm. long and 1 sq. em. in cross-section. In the prac-

tical units of the volt-ohm-amp^re series, the specific

resistance, S, is equal accordingly to the electromotive

force in volts (see § 138) required to maintain a cur-

rent of 1 ampere between two opposite faces of a

centimetre cube cut out of a given substance ; or

again, it is equal to the power in watts (see § 137)

required to do the same thing. The power required

to maintain a current of 1 am,p^re through L centi-

metre-cubes of the substance, arranged in series, so

that the same current traverses each, is obviously LS
watts. If we place Q rows of centimetre-cubes side

by side, each row containing L of the cubes, it is ob-

vious that to maintain a current of 1 ampere in each

row will require LS watts ; hence the total power
required for all the rows will be QLS watts.

Since each row is traversed by a current of 1 am-

pere, the compound conductor, consisting of Q rows,

must' carry a current of Q amperes.

The resistance of tliis conductor may now be
calculated by Joule's Law (P = C^ R, see § 136);

.<M.
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for substituting QLS for P, and Q for G, we

have—
R = ^ =91^=^ I

C^ Q^ Q'

We notice that in the formula L represents the

length and Q the cross-section of the compound con-

ductor. The resistance of any conductor is accord-

ingly proportional to its length, and inversely as its

cross-section. To find it, we multiply the specific

resistance by the length and divide the product by

the cross-section. Obviously, specific resistances of

different materials are important factors in calcula-

tions relating to electrical resistance.

To calculate specifie resistance (S), we mu,st first

find the actual resistance (22) of a conductor of

known length (i) and cross-section (§): we then

have, from I.,—
S =^ II.

It will be found convenient to express the result in

terms of microhms (§ 2) instead of ohms. This is

done by moving the decimal point six places to the

right (i. e., multiplying by 1,000,000).

^ 219. Determination of Specific Resistance.— A
fine Gei'man-silver wire (not insulated), about 1 metre

long, is soldered (near a and b, Fig. 249) to two cop-

per strips. These strips are to be so thick that their

electrical resistance may be neglected. They are to

be scraped bright (^ 193, 11), and connected with

the binding-posts b and c of a Wheatstone's bridge
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apparatus, in pkce of the coil used in the last experi-

ment (see Fig. 248, ^ 217). To prevent the wire

from crossing itself at any point, it may be looped

round a glass jar a (Fig. 249). The resistance (K)

of the wire is to be found as in the last experiment.

The wire is now to be straightened, and the dis-

tance letween the copper strips accurately determined.

This gives the length {L) of the conductor spoken

-£34*

Fig. 249.

of in the last section. The diameter (ci) of the wire

is to be measured at let us say ten different points

with a micrometer gauge (^ 50, II.), and the results

avei'aged. The cross-seciion (0 of the wire is then

calculated by the ordinarj' formula—

The specific resistance of tlie German silver of

which the wire is composed is finally to be calculated

by formula II. of the last section.

The experiment may be repeated with wires of dif-

ferent lengths, diameters and materials.
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EXPERIMENT LXXXIX.

Thomson's method.

^ 220. Betermination of the Resistance of a Galvan-

ometer by Thomson's Method. — The terminals of a

galvanometer, G (Fig- 250), and of a rheostat, R, are

to be connected with a Wheatstone's Bridge appara-

tus in the same manner as any other resistances would

be connected, when it is desired to compare them

Fig. 250.

together (see Exp. 87). A battery, B, h also to be

connected in the same manner. Instead, however, of

putting a second galvanometer in the circuit di, to

tell when the current in that circuit is reduced to

zero, a simple key, K, is placed there.

The galvanometer needle will probably be strongly

deflected by tlie current passing through the instru-

ment. Jt must be brought back nearly to zero by a

powerful magnet, M, properly placed. If the battery

is too strong for the magnet, a weaker battery may

be substituted, or the same result may be obtained by

connecting the poles of the battery with a cross-wire

or shunt of sufficiently low resistance. The key is
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now to be closed. If the effect is to increase the de-

flection of the needle, the slider (i) is to be moved

toward tliat end of the " Biidge wire " (A;') nearest

the galvanometer. If the effect is to diminish the de-

flection, the slider is to be moved toward the rheos-

tat. Finally a point (i) is found where the closing

of the key has no effect upon the galvanometer. The

resistance of the latter is then calculated as in the

last experiment.

The experiment is to be repeated with a rheostat

resistance as nearly as possible equal to that of the

galvanometer. The current should be reversed, and

the resistances interchanged as in Experiment 87.

The resistance of the galvanometer is to be calcu-

lated by one of the formulse of •[j 217.

^ 221. Explanation of Thomson's Method.— Thom-

son's method of measuring the resistance of a galvan-

ometer depends upon the fact that when the circuit

di (Fig. 250) is closed through K, more or less cur-

rent will ordinarily pass from i to d, or the reverse.

The electrical potential (§ 139) of the point d will

therefore be affected, just as the pressure at a given

point in a water pipe would be affected by connecting

that point with one in another pipe where the pressure

was different. Since the current from a to d depends

(according to Ohm's Law, § 138) upon the difference

of potential between those points, it is evident that

if a retains the same potential as before, any change

in the potential at d must affect the current. The
deflection of the galvanometer is accordingly in-

creased or diminished. The object of nearly neutral-
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izing the deflection is that any change in it may be

made perceptible ; for if tlie needle were alieady de-

flected for instance 89°, since 90° is the maximum
possible deflection, it would be hard to detect an in-

crease in the current. We have seen that the elec-

trical potential at d is changed when it is connected

with a point e at a different potential ; obviously if d

and I are at the same potential, there will be no change

in the potential of d, and hence no change in the de-

flection of the galvanometer. The student should

note that we may find a point i, having the same

potential as a point d, either (1) by observing the

deflection of a galvanometer in the circuit di (see

Exp. 87), or (2) by observing the change in the de-

flection of a galvanometer in any other branch of the

compound circuit.

The chief difiiculty in this experiment lies in the

arrangement of a permanent magnet so as to neutral-

ize the deflection of a galvanometer needle without

destroying temporarily the sensitiveness of the in-

strument. The advantage of this method, aside from

its theoretical interest, is chiefly in cases where it is

impossible to obtain a second galvanometer suffi-

ciently sensitive to measure the resistance of the

first.
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EXPEEIMENT XC.

mange's method.

^ 222. Determination of the Internal Resistance of a

Battery by Mance's Method. — A rheostat (i2, Fig.

251) and a galvanometer {G) are to be connected

with a Wheatstone's Bridge apparatus as in Experi-

ment 87 ; and a battery cell (ZJ) is to be put in place

of the unknown resistance (C, Fig. 248). Instead,

however, of placing a second battery in the circuit

ag, a simple key (^) is put there.

Fig. 251.

The needle of the galvanometer will probably be

strongly deflected by the current passing from d to i,

or the reverse. As in the last experiment, this de-

flection must be nearly reduced to zero, by bringing

a powerful magnet (M) near the galvanometer. A
shunt majr be introduced if necessary between the ter-

minals of the galvanometer (see ^ 193, 2). The key

is now to be closed. If the deflection of the galvan-

ometer is increased, the slider (^) is to be moved toward

the battery. If the deflection is diminished, it should

be moved toward the rheostat. The change in the
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position of the slider will probably throw the galvan-

ometer and magnet out of adjustment. The posi-

tion of the magnet must therefore be changed. After

a series of trials the slider may be placed at a point i,

where no sudden effect is produced upon the galvan-

ometer hy closing the key.

If the galvanometer is affected one way when the

key is first closed, then the othei' way, the first

effect is the one by which the adjustment of the

slider is to be made.

The experiment is to be repeated with a resistance

in the rheostat as nearly as possible equal to tliat of

the battery; but the methods of reversal and inter-

change employed in Exp. 87 will hardly be justified

by the accuracy of the experiment. Tiie resistance

of the battery is to be calculated by one of the for-

mulEe of ^ 217.

IT 222 a. Explanation of Mance's Method.— The ef-

fect in Mance's method of the battery current upon

the galvanometer has generally to be diminished by

shunting the galvanometer. The opposite dif&culty

however, sometimes arises. When it is desired to

measure the resistance of a battery composed of two

nearly equal cells, opposed to one another, the cur-

rent from these cells may be insufficient to affect the

galvanometer. In this case an auxiliary battery

must be introduced into the circuit akg. We will

first suppose that such an auxiliary battery is em-

ployed. If the two cells of which the resistance is

to be measured exactly neutralize each other, the case

differs from that of an' ordinary Wheatstone's Bridge
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only in the nature of the resistance which is to be

measuied. The theory is therefore the same.

If, liowever, one, of the two cells is stronger than

the otiier, an allowance must be made for the current

which flows from the battery (S) through the gal-

vanometer, whether the auxiliary battery is connected

or not. This is done by neutralizing the deflection

of the galvanometer due to the battery B.

The fundamental principle upon which Mance's

method depends is that two batteries in any system

of conductors, however complicated, produce each

the same effect as if the other were not presejit.

The current in any part of the circuit is in fact the

algebraic sum of the two currents which the batteries

would separately produce. We have seen that a

battery in the circuit akg affects a galvanometer in

the circuit di, unless the resistances ai and ij are pro-

portional to ad and dg respectively. If a. current

already exists in the galvanometer a change in that

current must be produced by a battery in the circuit

aky, unless the proportion above is fulfilled.

Let us now suppose, that the battery in the circuit

ahg is just strong enough to neutralize the current

fiom the battery B, which would naturally flow

through the circuit akg. Then the effect of inta'oduc-

ing this battery into the circuit may be simply to

arrest the current in akg. The same effect is pro-

duced by breaking the circuit by means of the key

K. Evidently the act of opening or closing the key

in a circuit is equivalent to connecting or disconnect^

ing a battery of considerable strength.
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When the circuit is made the resistance between

the poles of the battery is much less than when the

circuit is broken. The result is an increased current

from the batter}', and in a very short time a change

in its electromotive force. The observations should,

therefore, be taken the moment that the circuit is

closed. The galvanometer needle, sometimes first

jumps in one direction, then slowly changes to the

other direction. The slow movement in the needle

may be cKplained as the result of a gradual change in

the electromotive foi'ce of the batter3^ The first

effect indicates which of the resistances is too gi'ea*

or too small.

The chief advantage of Mance's method is that it

enables us to measure the resistance of batteries at a

given instant while furnishing a current. Concordant

results must not be expected between Mance's and

other methods. It is now thought that there is some-

thing not yet understood in the nature of battery re-

sistances which causes these resistances to appear

to be greater or less accord.ing to the manner in

which they are determined.

EXPERIMENT XCI.

USB OF A SHUNT.

^ 223. Determination of the Resistance of a Galvan-

ometer by means of a Shunt.— I. Two tangent gal-

vanometers (ah and gh. Fig. 252) already employed
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in Exp. 79, are to be set up in tlie same places

as in that experiment, and connected in series with

a batterj^ (B) capable of causing deiiections of from

50° to 60°. The connecting wires bcdegi and afh are

to be made bare at a point between the two galvan-

ometers and at a point (e) between the galvanometer

(^A) and the battery. The wires are to be clamped

at these points by the binding-posts of a rheostat

(i2). All the plugs are now to be put into their

places. The galvanometer gh will then be short cir-

cuited through the rheostat (-B). The deflection of

the galvanometer should accordingly fall to 0°. If it

does not, the plugs in the rheostat should be- turned

Fig. 252.

round in their sockets with light pressure until at

least a minimum deflection is obtained. ^

When plugs are removed from the box of coils, a

part only of the current will flow through the rheo-

stat. The galvanometer (gh) will then be deflected.

Plugs are to be removed from the box until the de-

flection of tlie galvanometer (gh} reaches about 30°

or a little more thiin half the deflection of ah. The

resistance of the rheostat is to be noted, and the de-

flections of the two galvanometers are to be simul-

taneously determined as in Exp. 82. This method

1 The plugs should be carefully cleaned if necessary by rubbing

them with paper.
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is applicable to galvanometers of low resistance. The
results are to be reduced by H 224, I., formula (5).

II. Instead of the galvanometer ah, a second rlieo-

stat resistance may be introduced into the circuit

edcbaf. The value of this resistance is to be noted.

The deflections of the galvanometer gh must be ob-

served (as in I.) with and without the shunt ef. The
resistance ot the shunt must also be noted.

This method requires a constant battery (see Exp.

84), with an internal resistance which is either known
(see Exps. 92 and 93) or so small that it may be neg-

lected in comparison with the resistance in the circuit

edcbaf. The method is used in practice only in the

case of high-resistance galvanometers. On account

of the extreme sensitiveness of such instruments, the

current from an ordinary voltaic cell must be re-

duced by the use of a very large resistance in the

circuit edcbaf. In comparison with this resistance,

that of the voltaic cell may usually be neglected.

The resistance of the shunt should be such that

when connections are made through it, the deflection

of the galvanometer may be about half as great as

when these connections are broken. The results

are to be reduced by ^ 224, II., formula (12).

^ 224. Calculations of Resistance depending upon

the Use of a Shunt. — I. If Z^ and i are the reduction

factors of the two galvanometers, A and a their de-

flections, then since the whole current, C, passes

through the first galvanometer (aJ, Fig. 252), it must

be given by the equation (see formula 7, ^ 199)—
C=ItanA. (1)
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Only a portion (c) of this current passes through the

second galvanometer (^gK) ; this portion is—
c = i tan a. (2)

The remainder (c') of the current flows through the

rheostat. Evidently—
y' = C— c^= I tan A— i tan a. (3)

Now the current (c) through the galvanometer {gK)

must he to that (c') through the shunt inversely as the

resistances (let us say €r and S) in question (§ 140).

That is—
c:c' :: S:G. (4)

The resistance of the galvanometer ((r) may there-

fore be found by the formula—
^ c' S CI I tan A— i tan a ^I-^
Cr ^ ^ »S (5)

I tan a

It should be remembered that the resistance of the

galvanometer (gh, Fig. 262), calculated by this for-

mula, includes that of the wires, eg and /A, connecting

it with the rheostat. The result is rendered inaccu-

rate by any bad connection within the rheostat. A
minimum deflection of 1° in the galvanometer (^A),

produced with all the plugs in place in the rheostat

(R), indicates an under estimate of both the galvan-

ometer and rheostat resistances not far from 1 or

2%.
II. If U is the electromotive force of the battery

(5, Fig. 252), a the resistance in the circuit edcbaf

(including strictly the internal resistance of the bat-

tery), and if Gr is the resistance of the galvanometer,
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the current, C, produced (when the connection be-

tween e and/is broken) must be (see § 138)—

C= ^ (1)

If now a connection is made between e and/ through

a shunt of the resistance S, so that the current flows

partly through 6r and partly through S, t'h.e resistance

(r) of this multiple circuit will be (solving the equa-

tion in § 140)

—

The current C now becomes—

or, substituting the value of r and reducing,

—

RG+ RS-\- GS'
,

/ ^

The portion (e) of this current which flows through

the galvanometer is to the whole current ( C") as S is

io a-{-S{% 140) ; that is—

Substituting tke value of 0' from (4) we have—

._ ^(^+A)__x^=^.or

(6)

(3)

Ma-^RS+ as . G + s

:es

RG + BS+GS
32
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hence ^^cBa±e^±eaS^ ^.^S

But from (1) E= 0B-\- CG;

hence '.^^:±^M±1^ = 0B+ CQ, (8)S

cRa + cRS+cas= ORS+ cas, (9)

cRG-^caS—CGS= ORS— cRS, (10)

and a(ieR + cS—CS)==RS{C—c'), (11)

whence, finally, ^ =J^^^, (12)

In the use of this formula it is necessarj'^ to know

only the relative values of the currents C and e. With

nearly all instruments, when the deflections are small,

the currents are proportional to these deflections;

We may accordingly substitute the deflections pro-

duced in such cases for the currents which they

represent.

EXPERIMENT XCII.

ohm's method.

^ 225. Determination of the Resistance of a Battery

by Ohm's Method.— A tangent galvanometer ( Gr, Fig.

253) and a rheostat (B) are to be connected in series

by the wires bo, de, and af, with a Daniell cell (jB)

capable of deflecting the galvanometer needle 50° or

60° when all the plugs of the rheostat are in their
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places. The deflection of the galvanometer is to be

accurately observed. The 1-ohm plug is now to be

removed from the rheostat, and the deflection again

noted. The resistance of the rheostat is then grad-

ually increased until the deflection of the galvanom-

eter is reducfed to less than half of its original magni-

tude. In each case, the deflection is to be carefully

observed, and the resistance noted.

The connections at b and/ being now interciianged

(^ 193, 9) so that the direction of the current

through the galvanomeJber is reversed, the experiment

is to be repeated. If any differences are observed in

the deflections corresponding to a given resistance.

m
Fig. 253.

the mean angle of deflection is to be calculated in

each case.

If «! and ^2 are the mean angles of deflection in

any two cases, R^ and R^ the corresponding rheostat

resistances, C, and O2 the currents through the gal-

vanometer, I the reduction factor of the galvan-

ometer (Exps. 78, 80, 81), B the resistance of the

battery, galvanometer, and connecting wires, then

we have (see ^ 199, 7)—
Ci = I tan Ui (1); C^ = Itana^. (2)

Now by Ohm's law (§ 138) these currents are in-

versely as the corresponding resistances, that is—
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C,:C,::R, + B:B, + .B, (3)

hence we find—
R. + 'B ^ q, ,

Uy+B o: ^ ^

R, 0, + B C\ = R, 0, + 5 Oi, (5)

BC,— BC, = R,0,— R, 0,, (6)

B(C\- 0,) = R,C,-~ R, C„ (7)

B __ Ri ^2— By ty ,g>.

and finally, substituting' the value of Cy and C^, and

cancelling /, we have—
D R.2 tan a^^- B, tan ay ^q^-.

tan «i— tan a^.

The student may thus calculate several values of B.

The best value for iEj is ; that is, we obtain the

most accurate results by utilizing the observation of

the galvanometer when all the plugs are in place.

Evidently if Ry = 0, the value of B becomes simply

T> jfi^g zan wg
/ 1 A'^

tan ay— tan a^

The best value for R^ is one nearly equal to B.

The simplest way to find this Value is to calculate

the value of B from any two of the absetvations.

It must be remembered that the battery resistance

thus calculated includes that of the galvanometer

and connecting wires. Having found the resistance
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of the galvanometer, &.G. from the last experiment, we
may find by subtraction the internal resistance of the

battery. The results with a tolerably Cflnstaiit bat-

tery should agree with those obtained by.Mance's

Method (Exp. 90) within 6 or 10 %.

The calciilatioil of the electromotive force of a

battery from the results of Olim's Metliod will be

considered in ^ 230, It may be remarked that if

this electromotive force is not constant, formula (3)

is not justified. In this case the succeeding formulae

which depend upon (8) may give false or even absurd

results,

EXPERIMENT XCIII.

BEETZ' METHOD.

^ 226. Explanation of Beetz' Method.— In Beetz'

method two batteries, B' and B" (Fig. 254) are

placed in the same circuit Qabcda)h\.\t sn tts to be op-

! a I

"S^i

jj

posed to each other ; and the circuit is divided into

two lobes, like a figure 8, by means of a wire ac, act-

ing as a shunt to both batteries. A known resistance

R' is placed between h and c ; another known resist-

ance (7E) is introduced between a and c ; a delicate
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galvanometer (G') is placed between c and d. We
will suppose that the two positive poles of the bat-

teries are connected at c.

Let us now consider what effect the battery B'

would produce if B" were not acting. The current

descending in the branch he would divide into two

parts (Fig. 254, 2) ; one flowing directly from c to a,

the other indirectly from e to a through d. These

two parts would unite at a, and thenoe return to tiie

battery.

Let us next consider what effect B" would pro-

duce if B' were not acting. Tlie current ascending

in dc (Fig. 254, 3) would divide into two parts; one

flowing directly from c to a, the other indirectly

from c to a through h. Both parts uniting at a would

return to the battery.

When both batteries act together, each may be con-

sidered to produce the same effect as if the other

were not acting. The result is represented in Fig.

254, 4. We notice that in the diagrams the 'portion •

of the current fiom B' wliich flows through d is as

great as the whole current from B" . To produce tliis

effect it is evident that the batterj' B must he stronger

than B". It is also evident that two equal and op-

posite currents through d must neutralize each other;

hence the result of combining two batteries as in

Fig. 254 may be such as is represented in Fig. 254,

5 ; namely, a current entirely confined to the circuit

5e, containing the stronger battery, no current what-

ever flowing through the weaker battery.

In practice we employ' a battery, B', more than svffi-
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dent to reverse B" ; then we weaken the current

which it sends through the circuit d, either by in-

creasing the resistance B', so that the whole current

from B' is reduced, or by diminishing the resistance

a, so that a greater portion of the current may flow

directly from c to a, without passing through the

battery B". The use of the galvanometer, Gr, is

simply to tell when an exact balance has been estab-

lished between the two opposing currents through d

(see Fig. 254, 4). No current is then indicated by

the galvanometer.

It is possible to calculate by Ohm's Law (§ 138)

and by the principle of divided circuits (§ 140) the

magnitude of each of the currents represented in

Fig. 254, 4, and thus to find under what conditions

ihe currents through d are equal and opposite. The

expressions become, however, more or less compli-

cated. The final solution, which is simple, may be ob-

tained much more easily by the method wh^ph

follows.

^ 227. Principle of Electromotive Forces in Equilib-

rium. — Let E' be the electromotive force, and B' the

resistance of the first battery ; let B" be the electro-

motive force of the second battery (5"), and let C

be the current through the rheostat E. Then if, ac-

cording to the diagram (Fig. 254, 5) the current

through B" has been reduced to zero, the current C,

having no choice of circuits must flow through B'

and jB' as well as through R. The result is the same

as if the circuit through B" did not exist. We have

accordingly an electromotive force B', causing a cur-
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rent C through a total resistance R -\- B' -\~ Bf.

Hence, by Ohm's Law (§ 138),

—

E'=C (i2 + B' + B'y (1)

The power of the battery is spent in heating the sev-

eral resistances B, B', aad B'. We need to consider

only the power (P) spent in heating the resistance

B. We have (see § 136) —
P= C^B. (2)

The ratio of this power (P) to the current (C)deter'

mines that part (JP) of the whole electi-omotive force

(^') which is required to maintain, the current ((7)

tbroiigh the , .resistance . {B) in question. Since in

passing through the resistance B the loss of potential

is U, we have (see §§ 137, 138, and 139)—

E^^ = ^=OR. (3)

The power spent by the battery B" upon a small cur-

rent C" flowing through it in the ordinary direction

(from a to c) will be C" E" (§ 137) ; but the power

reqnirpd to take electricity from a point a to a point

c, where the electrical potential is higher than at a by

the amount E, is G" E. Evidently such a current

through the battery can .exist only on condition that

E" is greater than E-

On the other hand, a current C" flowing from c to

a would represent an expenditure of power equal to

G" E- The power required to drive the current

bapkward through the battery B" is, however, (7" E".



12281 BEETZ' MBTH0I5. 505

Evidently a reversed current can exist only if E is

greater than E". It follows that if E and E" ai'e

equal, the current through B" will be reduced to zero.

It is evident, conversely, that if the galvanometer in

the diagram (Fig. 254, 1) shows no deflection, E and

E" must be equal ; that is (from 3),—
E" == OR ; (4)

from which we find—
XT//

a formula by which we may calculate the current

from a battery (5') which, flowing through a known

resistance, R, neutralizes a known electi'omotave

force, E".

^ 228. Calculation of Battery Resistances in Beetz'

Method.— For the determination of the resistance of

a battery by Beetz' method, two experiments are

necessary. Let r^ and r/ be the values of R and R
(^ 226) in the first experiment, and let r^ and r^ be

the corresponding values in the second expei'iment.

Then from ^ 227 we have, dividing (1) by (4),—

E_^B±r^±rl
E" n

'

J „ l+|±ii'. m
Assuming that the proportion between E' and E" is

the same in both experiments, we have, equating (1)

and (2),^-
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B + r, + r; _B±r^±rl
(3)

Bn + n '•a + »'i' ^2= -Sj-x + rir^-\- j-i
r/ (4)

Br^— ^ri= r, <— r/ r^ (5)

B='^±!lZZl^. (6)

The same i-esult may be obtained from formula (8),

^ 225, namely,

—

by substituting for the total external resistances iJ;

and R^ their values, rj + r/ and ?-2 + r2' respec-

tively, and also substituting for the two correspond-

ing currents C^ and C^ their values (from ^ 227,

formula 5) — and -^ respectively. The factor W
is cancelled in the reduction.

Beetz' method differs from Ohm's method chiefly

in the manner in which we estimate the relative

strength of two currents. In Ohm's method the ratio

between the currents is determined by the angles of

deflection produced in a tangent galvanometer. In

Beetz' method, it is determined by the resistance

between the poles of a constant batterj', enabling

the current to neutralize the effect of that battery.

Beetz' method is essentially a null method (§ 42).

Beetz' method may be used not only to measure

the resistance of a battery (see 6), but also, when

that resistance has been found, to determine the relar
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tive magnitude ^ of two electromotive forces (see 1

and 2, also ^ 230, 8).

When the electromotive force of a battery is

know.n, it furnishes us with the means of measuring

currents with great precision (see formula 5, ^ 227).

^ 229. Determination of Battery Resistancea by

Beetz' Method.— The copper or positive pole (P, Fig.

255) of a battery (-6), consisting of two Daniell cells

in series, is to be connected by a wire (J'KK'P'') with

the positive pole (P') of a weaker battery (5').

The circuit is to be completed between the negative

poles (iV' and iV) of the batteries through a delicate

galvanometer (6r) provided with a shunt (»S') to pi'e-

FiG. 255.

vent it from being injured by the battery currents

(^ 193, 2) and through the inner line of resistances,

5c, of a box of coils. The inner and outer lines, he

and da, are to be connected with a jjlug between

c and d, but separated at a and h throughout the ex-

periment. The wire PKK'P' is to be made bare at a

and connected at that point with the binding-post of

' If a tangent galTanometer be introduced into the circuit of tiie

stronger battery (B'), for instance between a and b (Fig. 2.54), so that

the current C becomes known, we may calculate also the absolute

values of the electromotive forces by formulae (1) and (4) of T 227.

This important modification of Beetz' metliod is due to Poggendorff.

See 1 230, 3, and Exp. 99.
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the outer line of resistances. Ke3's (K an(J K'^ are

to be placed one on each side of a. Wh.en all the

plugs are in pl^q,e, and tli© keys closed, the circuit of

the battery (5) is completed through the lines of re-

sistance ho and (la, the course of the current being

PKadSN. The circuit of B' is also completed

through the outer line. (?a, thus : F'K'aeicG-N'. The

student should note the direction in which the gal-

yanometer is deflected.

When the connection between a and d. is broken

by removing the " infinity plug,"^ both of the circuity

named above are interrupted. If the keys K and K'
are cjosed, the batteries will be opposed to one an-

othei'. Neither battery can furnish a current unless

it is strong enough to force it backward against the

other battery. If the battery B is stronger than B',

the current will follow the course PKaK'P'N'adN.
Since the current in B' is reversed, the galvanometer

will be deflected in the opposite direction. The stu-

dent should make sure thut this is the case. If it is

not, there is probablj' some error in the connections,

which must be eorrecte'd.

The infinity plug is now to be returned to its place,

and other plugs removed between a and d.

It will be seen that when the resistance of the

1 Two of the brass blocks in each chain of resistances should have

no m^taljUe connection between them, except that furnished by the

plug. Wlien the plug is removed there should be no perceptible cur-

rent from one blocic to the other. Jn other words, the resistance be-

tween the blocks sliould be practically infinite. The plug jn question

is ealled aceprdingly the "infinity plug," It is usually marked co or

INF.
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outer line ad, common to the two battery circuits, is

very small, the galvanometer is deflected one way;

tvhen the resistance is very large the galvanottieter

is deflected the oth'er -^ay. The next step is to find,

by gradually increasing the resistance, at what point

the change in the -defle'Ction takes plaee.

To avoid using up the batteries (^ 193, 10), the

keys K and .ff"' should be left open, except at the

moment when it is desired to test the deflection of

the galvanometer. The key Kin the circuit of the

Stronger battery is always to be closed first, then the

other key, K', immediately after it. As soon as tiie

direction of the deflection has been recognized, the

keys are opened in the invei'se order.^

If the galvanometer is deflected in the same way

as when all the plugs are in place, the resistance of

the outer line Qad) is to be increased ; if it is de-

flected as when the connection in ad. is broken, the

resistance is to be diminislied. The sensitiveness of

the galvanometer may be increased if necessary by

removing the shunt (»S') but the student must not for-

get to replace the shunt before proceeding to the

second part of the experiment. The resistance of the

outer line {ad) cailsing the deflection of the galvan-

ometer to disappear is to be recorded. If no such

resistance can be found, the two nearest resistances

should be noted, and the deflections (one in one direc-

tion, the other in the other direction) caused by each

should be observed. From these results the desired

1 A "double key " or other meclianical contrivance for closing two

circuits one after the otlier will be found useful in tliis experiment.
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resistance is to be calculated as in ^ 216, by interpo-

lation (§ 41).

So far the resistance in the inner line he has been

zero. This resistance is now to be increased by re-

moving the 10-ohm plug. If the keys be closed, the

galvanometer will be deflected. To reduce the de-

flection to zero, it will be necessary to increase the

resistance of the outer line (ac?). The resistances of

both parts of the rheostat (6c and ad), causing equi-

librium in the galvanometer are to be noted.

The battery resistance is to be calculated by for-

mula 6, *[{ 228 ; remembering that the values of ad

correspond to the resistances r^ and r-i, common to

the two circuits, while the values of ho correspond to

the resistances r/ and r^', in the circuit of the stronger

battery.
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ELECTROMOTIVE FORCE.

^ 230. Different Methods for the Determination of

Electromotive Forces.

I. Absolute Methods. Electromotive force

(see § 137) is defined as the ratio of the power spent

by any source of electricity to the current which it

produces. We must distinguish between methods

(1-4) in which the power thus expended is abso-

lutely measured and those (5-12) in which compara-

tive results only are obtained.

(1) Method op Heating. The power spent by

an electric current may be measured in the same way

as electrical resistance (Exp. 85), by passing a current

from a battery through a coil of wire surrounded

with water, and calculating from the rise of tempera-^

ture of the water how much energy has been spent

by the current in a given length of time.^ If the

strength of the current be known, the loss of potential

may be found by the general formula (§ 137) ^-

Thus if a current of 2 amperes is found to heat the

equivalent of 100 grams of water 15° in 1000 seconds^

so that it generates 1| units of heat in one second,

1 See Glazebrook and Shaw, Practical Physics, § 74.
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since 1 unit of heat per second is equivalent to 4.166

watts (§ 15), IJ units per second would be equiva-

lent to 6.249 watts, or 6.249 -=- 2 = 3.124 watts per

ampere. We know, therefore, that the difference in

potential (| 139) between the two ends of the coil of

wire must be 3-124 volts. It will not do, however,

to assume that this is equal to the electromotive;

force of the battery ; for we have left out of account

the heat generated -b}' the electrical current in the

connecting wires ai^d in the interior of -the battery;

Unless tlie electrical resista^nce of the battery be unu-

sually small in comparisoin with that of the coil, a

considerable portion of the electrical energy will be

thus wasted.

At the same time that the method of heating can

not in, practice be employed^ to determine directly

the eleetromotiive force of a battery, it must be

remembered that all determinations of electromo-

tive force which involve a measurement of current

and resistance miay depend indirectly upon the

method of heating, since this is one of the funda-

mental methods by which resistamces are measured

(Exp. 85).

(2) Ohm's Method. Having once determined a

standard of resistance by the Method of Heating

(Exp. 85), we have seen how by various methods

of comparison (Exp. 86-93) the resistance of, any

part of an electrical circuit may be found. In Ohm's

method, we find the current (C) in a simple circuit,

and calculate the resistance (J2) of this circuit by

adding' together the resistances of its separate parts.
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Then, by- Ohm's Law, we have for the electromotive

force (^ the general equation (§138)—
jE/ = CB.

Substituting in this formula the valiie of R, which

in the absence of any resistance except that of the

battery, galvanometer, and connecting wires, iS given

by formula 10, ^ 225, namely—
7> B,^ tan.a„

tan Ui— tan %
and substituting also the corresponding ralue of C,

namely, I tan a^, we have—

p IR^ tan OTi tan a^

tan a,— tan a^

'

The student may show that the same formula is ob-

tained if we multiply the total resistance (5+ i2i)

in the second part of the experiment by the current

(Cj ^ I tan flTa) which flows through it. The agree-

ment of the two results must not be taken as ain

indication that the electromotive force is the same in

both parts of the experiment, but as the necessary

consequence of the fbrmulse of ^ 225, in framing

which we have- arss'scwecZ that the electromotive fo^rce

of the battery is constant.

(3) Poggendobff's Method. It has already

been shown in Beetz' method (Exp. 93) that the cur-

rent from a battery may be neutralized by meeting a

counter current caused by division of a current from

a more powerful battery into two parts. This is

33
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the principle of Poggeijdorff's absolute method (see

Exp. 99), which differs from Beetz' method simply in

the fact that a tangent galvanometer is introduced

into the circuit of the more powerful battery (5',

Fig. 254) as a means of measuring the current (see

note, ^ 228). Given the current, C, and the resist-

ance, R, the electrotnotive force (^) is calculated

by the ordinary formula (§ 138) —
.E= CM.

(4.) Electrostatic Methods. The electromo-

tive force of a powerful battery may be measuxed by

the repulsion between two pitli-balli charged by the

battery under certain conditions (see ^ 258). Elec-

trostatic forces are also measured in absolute elec-

trometers of various kinds (see ^ 270). It should,

however, be remembered that results obtained by

such instruments are strictly in the electrostatic

system. Since the relation between the electrostatic

and the ordinary (electromagnetic) systems are not

known with any great degree of accuracj^, the use of

electrometers, as far as the latter sj'stem is concerned,

is practically confined to the comparison of electro-

motive forces (see ^ 230, 11, also ^ 270).

II. Comparison op Electromotive Forces.

The absolute measurement of electromotive force is,

like the absolute measurement of resistance upon

which it depends, a more or less diflScult problem.

The comparison of two electromotive forces may,

however, be made with a considerable degree of pre-

cision.
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(5) The Yolt-Meter. Two electromotive forces

may be compared by the currents separately produced

by them through equal resistances. When the re-

sistance of a battery is unknown, it is evident that

this method cannot in general he applied ; for the

battery resistance may be a considerable part of the

resistance of a circuit. In practice, few batteries

have a resistance of more than 10 ohms ; in fact 1

ohm would be much nearer the average batterj' re-

sistance. Hence if a galvanometer has a resistance

of several thousand ohms, the batterj' resistance may
usually be disregarded. This is the piinciple on

which volt-meters are constructed (Exps. 96 and 97).

(6) Wiedemann's Method. In Wiedemann's

Method (Exp. 94), two batteries are joined in series

with a tangent galvanometer of low resistance.

Whether the batteries act in the same or in opposite

ways, the total resistance in the circuit is the same

(see note ^ 197). It follows, therefore, from Ohm's

law (§ 138), that the current is proportional in one

case to the sum, in the other case to the difference of

the electromotive forces H and e ; hence the sum

(^-)-e) is to the difference (jE'— e) as the currents

Cand c produced, that is —
E -\-e: E—e :: C : c.

(7) Method of Opposition. Let us now suppose

that iV cells of the electromotive force E being op-

posed to N' cells of the electromotive force E' reduce

the current to zero, then obviously the electromotive

force I^E= N'E' ; ov, E' : E :: N : N'.



516 i;lectromotivb force.

This is a fundameutftl method of comparing electro-

motiye forces, the usefulness of which is limited only

by the, difficulty of abta.iinng enough aells.of each

kind to make an ex^et balance. We notes thatvin this

method, we compare the electromotive forces of two

batteries when at rest, and not (as in previous.. metht

ods) when in aption. The method of opposition is

essentially a "null ra.ethod" (§ 42) for the compari-

son of electromotive forces,;

(8) Ebetz' Me^tfiod. When, as in Experiment 93,

a battery current is neutiaJiz§d by part of the current

from a more powerful battery, we cannot find the

electromotive force of either bsittery absolutely, uur

less, as in (3), the whole current from the stronger

battery is njeasured, as well as tlie resistance whieh

it traverses between the poles of the weaker bMtery.

We • may, however, find the relative electromotive

forces from formulae 1 and 2, ^ 228. Hence if the

electromotive force of one battery is known, that of

the other maybe determined. It maybe remarked

that by this method -^'e compare the electromotive

force of one ba,tte;ry when at rest with that of another

when in action.^

(9) Clark's Potentiometer, Again, if a cur-

rent (C) flowing through a resistance JR neutralizes

one battery (as in Exp. 93), while the same current

flowing through a resistance r neutralizes another

1 By substituting one battery, B, for another, B' (Fig. 254)', as the

active source in Beetz' Method (Exp. 93) we may compare the two
successively with a third electromotive force, B". This gives us a

null method by which we may compare the electromotive forces of

two batteries (B and B') lohen in action.
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battery (in the safii* taawtier), the electromotive forces

of these battevies, being OR and Or Respectively, are

to each other as R is to r. The proportion between

them ma}'^ therefore be found, independently of any

measUietnent df electrical current* This is the prin-

eiple of Clark's Potentiometer (Exp. 98), and is

undoubtedly the best method of comparing the elec-

tromotive forces of two constant batteries when not in

action.

(10) Use of Condensers. The relative strength

of two batteiies muy be found by charging a con-

denser (see ^ 257) first by one battery, then by the

other. The quantity of electricity stored in the con-

denser is found to be proportional to the electromo-

tive forces in question. It is estimated by discharging

the condenser through a ballistic galvanometer, and

observing, as in Experiments 76 and 77, the throw of

the needle.

(11.) Use of ElectRometees. The electromo-

tive force of a battery may be determined by con-

necting the poles with an electrometer (*^ 270) ; but

in order to interpret the indications of the instru-

ment, it must fifst be calibrated by a series of elec-

tromotive forces of knowii 'Strength. The chief

advantage 6f the use of an electrometer over -that of

a volt-meter is in the case of inconstant electromo-

tive forces, especially those Which disappear as soon

as a current begins. The use of a condenser has the

same advantage, and is frequently prefeiable on ac-

count of the liability of electrometers to be out of

order. Neither instrument is suitable for an elemen-

tary class of students.
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(12) Use of an Eluctric Spark. Electromo-

tive forces may be estimated roughly by the distance

which an electric spaik can be made to jump (see

Table 36). This method is particularly suited for

experiments with a Ruhmtorff coil, or other instru-

ment in which large differences of potential exist for

an instant only.

EXPERIMENT XCIV.

WIEDEMANN S METHOD.

^231. Determination of Electromotive Forces by

Wiedemann's Method. — (1) Two Daniell cells^ .4

and B, one of which {A) has been used in Ohm's

method (Exp. 92), are to be connected in series with

a tangent galvanometer ( C, Fig.

256, 1). The connections are

to be such that the cells act

together. The deflection of

the galvanometer is to be ob-

served. (2) Then the connec-

tions of B are to be reversed

(Fig. 256, 2), and the deflection again noted. (3)

The galvanometer connections are then to be inter-

changed, and the deflection observed (Fig.. 256, 3).

(4) Finally the connections of B are to be inter-

changed, so that the two cells may act together as at

first (Fig. 256, 4), and the deflection of the galvan-

ometer determined.

Fig. 256.
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Let E be the electromotive force of the -stronger

cell, and e that of the weaker cell ; let-^^ be the aver-

age deflection caused by the joint action .of the two

cells, and Q the corresponding current ; let a be the

average deflection, and c the current produced by the

two cells when in opposition ; then by formula 7,

11199-
C^ItanA, (1)

c ;= I tan a. (2)

Now by Ohm's law (§ 138), as has been explained in

*f\ 230, 6, we have—
E-\-e_^

(3)

(4)

(5)

(6)
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if the deflections ia Eigi 256^ 2 and 3, are in the same

direction as in 1 and 4 respectively,— the eleotromo-

tive force of the cell B, being less than that of A, is

to be calculated by formula 8 ; but if the reversal of

£ causes a reversal of the current, the electromotive

force of B is greater than that of A, and is hence to

be calculated by formula 9. The electromotive force

of A, already computed, may be found from the re-

sults of Ohm's method by the formulae of 1I_230, 2.

The electromotive force of the two cells combined is

now to be calculated by adding H and e together.

II. The experiment is to be repeated with the bat^

tery composed of the two cells just employed and a

Bunsen cell. The cells are fii'stto be set up in series

with the Bunseii cell and the galvanometer, then

both of the Daniell cells are to be reversed.

The deflections are to be observed and the electro-

motive force of the Bunsen cell is to be calculated.

EXPERIMENT XCV.

THE THERMO-ELECTEIC JUNCTION.

^ 232, Determination of the Electromotive Force of

a Thermo-electric Junction— An iron wire (flsJ, Fig.

257) and a German-silver wire (ac), insulated by sur-

rounding them with India-rubber tubes, are soldered

together at a; and the junction (a) is enclosed in a

steam heater. The other ends, h atjd c, are soldered

to insulated copper wires, bd and ce. The junctions
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h and c are placed in a beaker and dowered with melt-

ing ice. A thermo-elenrent is thus fotmed with an

electromotive foroe of about -3 thousandths of a volt.

The object of this Bxperiment is to measure the elec-

tromotive force in question.

I. The terminals of the thermo-element (c? and e)

are to be connected with two pole-cups of a differen-

tial galvanometel' {dg) so that the current froin the

thermo-element circulates in one half of the coil of

the galvanometer.

The other half of the galvanometei' is to be con-

nected through a rheostat {hi) with the poles (^ and

FiG. 257.

Tc) of a voltaic cell of known electromotive force

(^ 230, 2). There should be at first, let us say,

1000 ohms' resistance in the rheostat. The connec-

tions are to be made so that the current from the

Daniell cell may produce Upon the needle an effect

opposite to thatdUe to:th6 thermo-element. The re-

sistance of the rheostat is now to be increased ordimin.

ished until the two currents exactly neutralize ,each

other. The rheostat resistance (-Bj) is then noted.

An additional resistance (r) of known amount,

about equal to that of the galvanometer (see Exp.

89), is now to be introduced between J and d, or be-
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I

tween e and e, and the resistance of the rheostat (Ai)

again adjusted so as to produce equilibrium. The

new value of the resistance (-K2) i'' ^1*^0 to be noted.

II. If a differential galvanometer cannot be ob-

tained, the thermo-electric junction is first to be con-

nected with the galvanometer, and the deflection (-D)

noted ; then the resistance (r) is to be introduced,

and the deflection (li) again noted. The Daniell

cell is then to be connected with the galvanometer

through a resistance (i2i), such that the deflection of

the needle is the same as Z>. Then the rheostat re-

sistance is increased to a value R.^ which produces a

deflection equal to d. The results of I. and II. are

to be reduced by formula (10), 1[ 233.

^ 233. Calculation of the Xileotromotlve Force of a

Thermo-electric Junction.— If in the thermo-electric

circuit (^abdeea, Fig. 257), e is the electromotive force,

and b the electrical resistance of the thermo-element,

g the resistance of the galvanometer, or that part

of it which i-s included in the circuit in question, c^

the current in the first part of the experiment, c^ the

current in the second part of the experiment, and r

the resistance added ; if, furthermore, in the voltaic

civcuit (^fffhijkf, Fig. 257), -Eis the electromotive force,

B the battery resistance, Gr the galvanometer resist-

ance, J?i and jRj the two rheostat resistances, and -Cj

and 'Cj the corresponding currents, we have (§ 138),

since the currents Cj and Q are equal, —
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and since the currents c.^ and Q^ are equal—

h + g + r ' B + a^B,

From (1) and from (2) we find—

e = U ^ + ^ , (3)

and e = ^_i±.^-±^L..
iy + a+ R2

(4)

By either of these formulae (3 or 4) we may calculate

the value of e from the observed values of r, i?,, and

i?2, if b, g, B, Gr, and B, are known (Exps. 87-92).

The student should bear in mind that the resistance

of each part of the galvanometer in this experiment

is about twice that of the two parts in multiple arc

(§ 140), and half that of the two parts in series. A
result independent of the hattery and galvanometer

resistances may be obtained by combining the obser-

vations obtained in the first and second parts of the

experiment. Dividing (2) by (1) we have—
h + g _ B-\-a + B, .5.

b+g + r B-\rG + B,' ^ '

whence (5+^) 5+ (5+ ^) G+ (J+^) R,

=^(^b+g)B+{b+g-)G + (b+g:,R,

+ r{B+Gi-R{), (6)

that is,—
(5+ ^) i2.- (J +^) A= r (-B + G' + A), (7)

or ib+ g-)(R,— B,-) = r(iB-\-a+R,-); (8)
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from whiGh we find *—

M2—-Ml

Substituting this value in (3) and cancelling CB-\^

(7+ -Bi), we have finally —

EXPERIMENT XCVI.

THE VOLT-METER, I.

^ 234. Calibration of a Volt-Meter. — The name

volt-meter is given to any instrument capable of in-

dicating directly the value of an electromotive force

ill volts. One of the forms ordinniily employed

(Fig. 268) is similar in ex-

ternal appearance to the

ammeter shown in Fig. 231,

Fig 258. ^ 210. There is, however,

an essential distinction between these instruments.

In the ammeter, the coil a is made so as to have the

smallest possible electrical resistance, in order that this

resistance maj' be neglected. In the volt-meter, the

finest possible wire is employed in this coil, so that

the current which flows through it may be neglected.

The simplest way to calibrate a volt-meter is to con-

nect it with a battery containing different numbers

of voltaic cells in series (see Fig. 220, ^ 196). Hav-

ing found the electromotive force of each cell (see
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^ 230), we may calculate that of the whole battery

by adding these eleotromotivie forces together. The
difference between this calowlated value and the ob-

served reading of the volt-meter gives the eorrec^ion

of the volt-meter for the reading in question. A
delicate galvanometer ((r, Fig. 259) connected in

series with a rheostat (R} is a convenient substitute

foi- a voltameter in the measurements, relating (o the

electromotive force of batteries. The resistance in

the galvanometer circuit should be so great that we
may entirely neglect the current which flows throngli

the instrument in comparison with the other currents

used in this experiment. To test such a combination,

it is to be connected with a battery of known eleetro-

motiv-e force, as for instance, the Daniell cell em-

ployed in Experiment 92. If a. common tiistatic

galvanometer is einployed (Fig. 207, ^ 188), the re-

sistance of the rheostat should be such as to give a

deflection of about 45°. This resistance should be

noted, and should remain unchanged through all, the

.es;periments with the instrument of which it, now

constitutes an essential part.

An ordinarj- astatic galvanometer does not obey

the, law of tangents (^ 195) closely enough even for

rough determinations. It is necessary, accordingly, to

test the reading of the instrument with a series, of

electromotive force? bearing known ratios to one

another.

A simple device by which this object may be at-

tained consists of a uniform straight \vire, traversed

by a current from a constant battery. The " bridge-
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wire " of the Wheatstone's apparatus (hj. Fig. 259) may

be employed. A battery (5) of two Bunsen cells

in series will probably be required to give the neces-

sary current. The poles should be connected with

the ends of the wire by means of screw cups (J and

/) provided for that purpose.

Contact is now to be made between this wire and

the terminals of the volt-meter (6rJ?) at points 10

cm. apart. This may be done by the aid of twp

sliders, similar to the one used in Experiment 87.

Pressure must be exerted upon the sliders to insure a

good electrical contact (^ 193, 11). The deflection

Fig. 2-59.

of the galvanometer is to be noted. The experiment

is to be repeated with contact at two other points the

same distance apart, but in a different part of the

wire.i

The sliders are now to be interchanged and the

deflections determined as before.

The direction of each deflection, whether between

north and east or between north and west should

be noted.

' A record of the reading of each slider corresponding to a given
deflection should be preserved, since it may be useful in comparing
the resistances of different parts of the wire.
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Tlie experiment is now to be repeated with contacts

at two points 20 cm. apart, then 30 cm-, 40 em., &c.,

up to 80 or 100 cm. (the length of the wire). The

observations should be repeated in the inverse order

to eliminate variations in the strength of the batter}'.

The average deflections, corresponding respectively

to 10, 20, . . . 80, or 100 cot., are now to be calculated,

and the results are to be plotted on co ordinate paper

as is Fig. 260. The distance between the sliders is

here represented by a scale at

the top of the figure, and the

deflections by a scale at the

left. The deflection produced

by the Daniell cell is also to

be plotted, and the number of

centimetres corresponding to

this deflection found (see § 59).

If the electromotive force of

the Daniell cell is E voltg

(^ 230), and if D is the dis- Fia. 260.

tance between the sliders which produces an equal

current, the distance d corresponding to 1 volt is—
B

%i
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EXPERIMENT XCVII.

THE VOLT-METER, II.

^ 23,5. Determination of Electromotive Forces by

means of a Volt-meter.— A volt-meter, calibrated as

in ^ 284, is to be connected with various cells ot bat-

teries, one. at a time. The deflection caused b;g each

is to be noted. The electromotive force of each is

then to be found (see § 59) by means of the curve

already plotted (Fig. 260, H 234). A point a is first

located in the scale of degrees, corresponding to the

deflection in question. Then a point h is found on

the curve at the right of a, and below h a point c is

found in the scale of dectrorniative force into which

the base of the figure has been divided.

The student i.s to determine, rapidly in this way the

electromotive forces of all the cells which he has

employed.

The principle upon which this, method depends is

that the difference of potential between two p©ii>ts

on a wire of uniform resistance is proportional to the

distance between those points represented by the

scale at the top of Fig. 260. For if B is the resist-

ance of 1 cm. of the wire, the resistance of d centi-

metres will be Md. Hence fi'om the general formula

of § 18:9—
e=;-cr=cRd, (1)

e' __^ crd" d' ^„v
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If the scale at the bottom of Fig, 260 is con-

structed so as to give one electromotive force cor-

rectly, all electromotive forces should be correctly

represented.

EXPEEIMENT XCVIII.

CLARK'S POTENTIOMETER,

^ 236. Comparison of Electromotive Forces by means

of Clark's Potentiometer.— The positive or carbon

pole of a battery (5, Fig. 261), consisting of two

Fig. 261..

Bunsen cells in series, is to be connected with one end,

d, of a Wheatstone's Bridge Wire. The negative or

zinc pole is to be connected with the other end (a) of

the wire. A key, iT, is to be included in the circuit.

The negative (of zinc) pole of a Daniell cell (.B') is

to be connected with a. The positive (or copper)

pole is to be joined through a key, K', and a delicate

galvanometer, G', to a slider (6), by which an electri-

cal connection may be made at any point of the wire.

The positive or carbon pole of a Leclanch^ cell is to

be connected similarly with d, while the negative'

34
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(or zinc) pole is to be connected through a key, K",

and a galvanometer, G", with a second slider at c.

The key K' is first pressed for an instant, and the

direction of the deflection noted. Then K and K'
are both pressed, the connection being completed

first in K then in K'.

If the deflection is in the same direction as before,

the distance ab is to be increased ; if it is in the oppo-

site direction the distance is to be diminished. The
experiment is now repeated until a point h is found

such that in pressing both ^and K' , no deflection is

observed. In this case the point h has the same po-

tential as the positive pole of the battery B'.

In the same way a second slider is to be placed at

a point c, where the potential is the same as that of

the negative pole of the Leclanch^ cell.

The key K being now closed, the keys K' and K"
are to be pressed simultaneously. If the adjustments

have been accurately made, neither galvanometer will

be deflected. If this i.s not the case, the adjustments

must be repeated.

By the principle explained in ^ 235, if the wire ad

is of uniform resistance, so that the resistances of ah

and cd are proportional to their lengths, the differ-

ence of potential between a and h must be to that be-

tween c and d as ah is to cd. We have, therefore,—

5= 4orJS?" = ^'f^,
E' ah ah

where E' and E" represent the electromotive forces,

respectively, of the batteries £' and B" . By this
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formula, knowing* the electromotive force of the

Daniell cell (^ 230), we n\a,y calculate that of the Le-

clanch^ cell. In repeating the experiment, the places

of the Daniell and Leclancli^ elements should be in-

terchanged. If the two sliders should interfere with

each other, either 1 or 3 Bunsen cells should be used

(in By instead of 2. The experiment may also be

repeated with other batteries. Clark's Potentiometer

is especially adapted to the determination of the

electromotive forces of inconstant elements.

EXPERIMENT XCIX.

poggendorff's method.

^ 287. Determination of Electromotive Forces by

Poggendorff's Absolute Method.— The,zinc pole d (Fig.

262) of a Bunsen battery is to be connected with one

Fig. 'i62.

terminal (e) of the resistance-coil used in the Method

of Heating (Exp. 85.) The zinc pole (a) of a Daniell

cell is to be connected with the same terminal

through a delicate galvanometer, h. The copper pole

(A) of the Daniell cell is to be connected with the

terminal (i) of the rheostat, and the carbon pole {h)

of the Bunsen cell is to be connected through a tan-

gent galvanometer (jglm) with the same terminal («').
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A portion (de) of a German-silver wire (rfe/) having

in all a resistance about equal to that of the resist-

ance-coil (ci), let us say 1 ohm, is to be included in

the circuit of the Bunsen battery.

The wire def is to be disconnected for a moment,

and the direction of the galvanometer deflection

noted. Then the extreme end (/) of the wire {def)

is to be bound in thie clamp e. If the deflection is in

the same direction as before, a longer wiie must be em-

ployed, and if the two Bunsen cells are still unable to

reverse the Daniell cell,^ other cells must be added to

the first, either in series or in multiple arc (§ 140).

We will suppose that a battery {de) and a wire {def)

have been found such that when the wire is clamped

at/, the current in the Daniell cell is reversed ; but

when clamped at d, the current flows in its natural

direction.

The wire (def) is next to be clamped at a point (e),

found by trial, so that the current in the Daniell

circuit may be reduced to zero. The galvanometer

(6) will then show no deflection.

In practice, we clamp the wire at a point (e) so

that the Daniell cell is barely reversed, and wait for

a condition of equilibrium to come about through the

gradual weakening of the Bunsen cell. At the mo-

ment when the astatic galvanometer (5) points to 0°

the reading of the tangent galvanometer {g) is to be

taken.

1 The student may be reminded that unless similar poles meet at

c and at i, it will be impossible in any case to produce a reversal of

the current.
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The experiment is to be repeated with the connec-

tions of the galvanometers reversed, one at a time,

as in Experiment 79.

If a is the mean angle of deflection of the tangent

galvanometer and / its leduction factor, the current

C is (see ^ 199, 7) —
C= I tan a amperes. (1)

If It is the resistance of the coil (ft) in ohms (Exp.

85) we have a difference of potential (e) between its

terminals c and d (see § 139) equal to—
e = GR= EI tan a volts. (2)

This is equal to the electromotive force of the Daniell

ceZZ (see ^ 130, 3).

For a simplified diagram of Poggendorff's Method,

see E'ig. 254, 1, ^ 226. The onl^' change to be made

in this diagram is the introduction of a tangent gal-

vanometer in the upper circuit (aJc).

EXPERIMENT C.

ELECTRICAL EFFICIENCY.

^ 238. Determination of the Efficiency of an Electric

Motor.— A small electric motor, such for instance as

is represented in Fig. 263, is to be connected through

an ammeter (Fig. 231, ^ 210) or through a tangent

galvanometer (^, Fig, 264), with a voltaic battery

(BB) containing at least twice as many cells as are
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required to keep the motor (M) in motioji. Thus

if the motor can be started with 2, but not with 1

Bunsen cell, a battery of 4 Biiiisen cells should be em-

k;s^ . _

^J -. '~rr
'^i

5-_- «
I i

Fig. 263.

ployed. The poles of the battery are to be connected

through a volt-meter or its equivalent (see Exp. 96)

consisting of an astatic galvanometer ((?) and a

rlieostat (i2). The work done by the motor (ilif ) is

to be determined as in Experiment 70, by observing

the readings of a pair of spring balances (^SS'') con-

FiG. 204.

nected by a cord passing round the pulley of the

motor. Ordinary letter-balances will probably an-

swer for this experiment. The tension of the cord

should be such as to reduce the speed of the motor
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to about one half its maximum ; but different experi-

ments should be made with different tensions. The
number of revolutions made b}'- the wheel of the

motor in a given length of time may be determined

by an instrument called a " revolution counter " es-

pecially devised for this purpose. This consists of a

shaft ab (Fig. 265) which can be easily

connected with the axle of the motor,

and a toothed wheel (c) with teeth fit-

ting into a thread cut on the shaft at b.

The revolutions of the shaft are indi^

cated on a dial (d) by a pointer (e) attached to a

wheel (c). The circumference of the pulley is to be

measured.

Instead of a revolution counter, we may make a

band of thread 60 cm. long, passing from the pulley of

the motor over a second pulley-wheel. Every time

that the knot in this band passes a given point shows

that the pulley-wheel has advanced 60 cm. The ve-

locity of the circumference of the pulley-wheel can

be found by tliis method by counting the number of

times that the knot passes a given point in 1 minute.

If the band is just 60 cm. long, this number represents

the velocity in cm. per sec. without any reduction.

The power in ergs per sec. utilized by the motor is

to be calculated from these data as in ^ 174, 1, and

reduced to watts (§ 15) by dividing by 10,000,000;

that is, by pointing off 7 places of decimals. The

power in watts spent upon the motor is found by

multiplying together the current in amperes indicated

by the ammeter (or its equivalent) and the electro-
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motive force iii volts indicated by the volt-meter, or

its equivalent (see § 137).

The efficiency of the motor is to be found by divid-

ing the power utilized by the power spent (see

H 174, 3),.

II. Instead of an electric motor, we may employ

a small dynamo-machine, driven by a water-motor.

The work spent by the water is; to be calculated as in

Experiment 69. The work utilized is to be found as.

above by multiplying together the current in ampSreS:

and the electromotive force in volts. The former is

to be measured by an ammeter in the main circuit of

the dynamo-machine. ; the latter by a volt-meter con-

nected with the poles of the dynamo-machine. The^

experiment should be repeated with greater or less

resistance interposed in the main circuit.

The student can hardly fail to notice the similarity

of the method by which we calculate the work of an

electrical current to that used in the case of a current

of water (§ 118). The same general method is em-

ployed in all measurements of electrical efiiciency.
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EXPERIMENTS FOR ADVANCED
STUDENTS.

The principal methods by whiyh physical quantities

are measured, have been considered in the course of

the 10,0 experiments which have been described.

Various modifications of these methods have already

been alluded to. On account, however, of either the

practical or the theoretical difficulties involved, and

the. expense of the necessary apparatus, measurements

of certain physical quantities have been hitherto en-

tirely omitted. This course would, however, be in-

complete without an outline, at least, of the methods

by which some of these quantities may be determined.

Most of the experiments about to be mentioned are

suitable only for advanced students. For this reason

it has been been thought unnecessary to describe

them in detail, or to include in the text proofs of the

formulae involved, except when these pi"oofs are neces-

sary to an understanding of the methods employed.

The Proofs of other formulae will be considered

separately in Parts III. and IV.

^ 239. The Piezometer.— To measure the compressi-

bility of a liquid, we place it in a glass bulb (C, Fig.

266) with a narrow neck or stem (i)) containing a

small mercury index. The bulb is to be placed in

a stout gliiss cylinder filled with water. A consider-
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able hydrostatic pressure is then generated by means

of the thumb-screw, J., and measured by a small air

manometer, E (see ^ 77). The contraction of the

liquid in the stem is observed. Since

the bulb is at the same pressure in-

side and out, there is no tendency to

stretch or to crush it. An allowance

must, however, be made for the com-

pression of the sides of the bulb. It

can be shown geometrically that the

capacity of a bulb decreases, when

thus subjected to a uniform pressure,

in the same proportion as the vol-

ume of a solid would decrease under

the same circumstances. The ratio

of the pressure in dynes per square

centimetre to the decrease in volume

of 1 cubic centimetre is called the " Coefficient of Re-

silience of Volume." ^ It is usually calculated from

"Young's Modulus" (1^), determined as in Experi-

ment 65, or as in ^ 248, I., and from the " Simple

Rigidity" (jS) of a solid. The simple rigidity may be

found from the coefficient of torsion, T, (i. e., the couple

necessary to twist a wire 1°, see Exp. 64), and from

the length, I, and radius, r, of the wire, by the

formula —
g_ 360 Tl

Fig. 266.

It may also be found as in ^ 248, II. Denoting by

M the "coefficient of resilience of the solid," or

1 Everett, Units and Physical Constants, Arts. 63-66.
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" modulus of volume elasticity," as it is sometimes

called, we find—
M =^ ^^ .

9S— 8 Y

A mean value of M for glass maj' be taken as 400,

000,000,000 dynes per square centimetre. The quan-

tities S, M, and Y are (in the ease of glass and many

other substances) related to each other in about the

proportion of the numbers 6, 10, and 15 respectivel3^

If C is the capacity in cu. cm. of the bulb (Exp.

11), and P the pressure to which it is subjected,

measured in dynes per sq. cm., ihe contraction of the

interior volume of the bulb ( V) in cu. cm. is—

M'

If V is the apparent contraction in cu. cm. of the

liquid, its real contraction is F+ V', and the Coeifi-

cient of Resilience of volume (if') of the liquid is —

V +V'

By making the bulb in two parts, a solid may be in-

troduced into it and surrounded with liquid. The

Coefficient of Resilience of the solid may be deduced

fiom its effect on the apparent contraction of the

liquid in question.

^ 240. Use of a "Weight Thermometer. — If a bulb

similar to that employed in ^ 239, be filled with mer-

cury at an observed temperature t^, then warmed to

.the temperature t^, a certain quantity of mercury will
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be driven out of it. Let the weight of this mercury,

be w, and let the whole original weight of the mer-

cury be Wj, both weights being reduced to vacuo

(§ 67), then the weight, TFj, remaining in the bulb is

}y^ — w. If Vy and v^ are the specific volumes of

mercury at the temperatures t, and t^ (see Table 23,

A and B^, then the capacities of the bulb (Cj and e^

at these temperatures must be—
Cj = TF] Vj and c^ = W^v.^.

It may be shown by geometry that when a vessel

is expanded uniformly by heat, its capacity is in-

creased in the same proportion as the volume of a

solid would increase under the same circumstances.

The cubical expansion, e, of glass is accordingly (see

^63)-

hence the linear coefficient, e, is (see § 83)—

«i (*2— ^l).

This is considered to be one of the most accurate

methods of obtaining the coefficient of expansion of

various kinds of glass.

By collecting and weighing the mercury which is

driven out of a bulb or weight thermometer, we may
estimate the relative rise of temperature in differ-

ent cases* The instrument is useful in determining

precisely the maximum rise of temperature witl^iu an

enclosure which has to be kept closed at the time

when t;he temperature is taken.



T241.] CONDUCTION OF HEAT. 641

The weight thermometer has also been employed

to measure the cubical expansion of solids enclosed in

the bulb. If Cj is the capacity of the bulb at 'the

•temperature ^i, and if TTj is the weight of mercury

required to fill the space between the solid and the

bulb, the volume of the solid V^ is evidently c^—
TTj Vi. If when heated to the temperature i^, at

which the capacity of the bulb is c^, w grams of mer-

cury are driven out, so that TF"a(or W^— w) grams re-

main, then the volume F", of the solid is o^— W^ v.^;

hence we may find the cubical coefficient of expan-

sion {e) by substituting these values of V^ and V^ in

the ordinary formula (see IT 63)—

V, {t, -
1,)

^241. Conduction of Heat.— (I,) The conductiv-

ity of various insulating materials may be found ap-

proximately by filling the space between the inner

and outer cups of a calorimeter (^ 85) with these

materials, and finding the rate at which heat is lost.

If A is the mean area of the surfaces between which

conduction takes place, i the distance between them,

t the difference of temperature, and T the time in

which Q units of heat pass from one surface to th^

other, the specific conductivity (c) of the material

is—
c- ^^

II. A metallic rod (^i), Fig. 267) is surrounded,

one end by steam, the other by melting ice. The
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Fig. 2e7

central portion is covered with insulating material.

Two thermometers, B and C, are inserted in holes in

the rod, partly filled with mercurj'. If L is the

length of the rod between B
and (7, A the area of its cross-

teution, t the difference of tem-

peiature between the points (^B

and C), and iv the weight of ice

melted in. the time T, after a

stead3' flow of heat has been established, less the

quantity melted in the same time when the rod is re-

placed hy insulating material, then since the latent

heat of liquefaction of water is 79, tlie specific con-

ductivity (c) of the rod is given by the formula—
_ 79 wL

'^ ITA"

The specific conductivity of a given material repre-

sents tl e quantity of heat which would flow in one

second from one side of a unit cube made of that

material to the opposite side of the cube when

the difference of temperature between the two

sides is 1°.

The results of this experiment will be slightly mod-

ified by the manner in which heat flows through tlie

insulating material which surrounds it. To avoid

errors from this source, the distance between the

thermometers should be as small as, or smaller than

the diameter of the rod. This method should be

applied only to metals or to substances which are

good conductors of heat.
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^ 242. Latitude.— The latitude of a place is usu-

ally determined by an observation of the "altitude"

of the sun at "apparent noon;" that is, the time

when it attains its greatest "altitude," or angular dis-

tance from the horizon. The true altitude (a) of the

sun is defined as the angle which a line drawn from

the centre of the earth to the centre of the sun makes
with a plane passing through the centre of the earth

and parallel to the horizon of the place in question.

The declination (d) of the sun is defined as the angle

which the same line makes with the earth's equator-.

The sun's declination (see Tables 44) may be found

in nautical almanacs calculated in advance for every

day of each year. The difference, between local and

Greenwich time, and the hourly change in declination

must generally be allowed for. The latitude (Z)

of a place is by definition equal to the complement

of the angle between the horizontal and equatorial

planes. We have, accordingly,—
1=90°— a ±d. I.

If the sun is (as in summer) above the equator, the

sign oid is to be taken as positive; if the sun is below

the equator, d is to be called negative.

I. In nautical observations, the apparent altitude

of the sun is determined by means of a sextant (see

Exp. 44). The lower "limb" (or edge) of the sun

is made to coincide with the sea-horizon. The ob-

served altitude (--4.) must be corrected as follows:—
(1) For Sbmi-diametee. The apparent semi-

diameter (s) of the sun (not far from 16'), given

exactly in the nautical almanac for every day in the
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year (see also Tables 44), is to be added to the ob-

served altitude of the lower limb of the sun, since the

altitude of the sun's centre is wanted.

(2) Dip of the Sea-horizon. A line drawn

from the eye of the observer to the sea-horizon makes

a certain angle with a true horizontal plane. This is

called the "dip of the sea horizon." It may be cal-

culated by the formula—
Ji ^ \/ m X 1%' (nearly),

where m is the height in metres of the eye above the

sea-level. The dip (K) must be subtracted from the

observed altitude.

(3) For Refraction. Atmospheric refraction

tends to make hea,venly bodies appear higher than

they really are. The correction (r) is accordingly to

be subtracted from the observed altitude. It is given

by the equation—
r = cotan A X 1' (nearly).

(4) For Parallax. The apparent altitude of a

body as seen from the earth's surface is obviously less

than if it could be observed at the earth's centre.

In the case of the stars, on account of their enor-

mous distance, the difference is imperceptible. The

correction for parallax (p) is given in general "by the

equation—
jp zi= P cos A (nearly),

where P is the " horizontal parallax " of the body in

question; that is, its correction for parallax when
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seen on the horizon. In observa'tions of the sun with

an oi'dinavy sextant, since P is less than 9", aW cor-

rections for parallax may usually be neglected. It is

only in the case of the moon, where P is in the

neighborhood of 1°, that the correction for parallax

becomes impo-rtant.

The true altitude (a) of a heavenly body is found

in general from the observed altitude (4) by apply-

ing the corrections for s&mi-dianieter (s), dip of the

horizon (A) , refraction (r),and parallax (y) as follows:

a = A-\-s-— A-T-r-j-jD. ,11.

II. Observations of latitude taken on land are usu-

ally made w;ith an "ai'tifieial horizon." This may

consist of a plate-glass mirror (made horizontal by

two spirit-levels and levelling-screws) or simply a

dish of mercury (JB, Fig. 268)

The lower limb of tl\e ?un is

made to cpincidp with its iOwn ..

reflection in the hprijzontal sur-

face. The observed angle (D)

between the direct and reflected

rays reaching the sextant (^, Fig. 268) is measured,

and halved, to find the apparent altitude of the sun.

The result is corrected as above for semi-diameter,

refraction, and (if sufSciently accurate) for parallax.^

We have —
a = yD-\-s— r-\-p. III.

1 The G0rreetionfpr''(3ip" is obviously ito |)e omitted in [the case

of an " artiflcUl horizon," since -tlie plane of the reflecting surface

sliould be perfectly horizontal.

85
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The latitude is finally calculated by formula I.

above.

^ 243. Longitude.— The longitude of a place may

be determined by a sextant observation of the alti-

tude of the sun (see ^ 242) an hour or two after

sunrise or before sunset. For the reduction of the

results, in general, the student is referred to works

on navigation. A simple (though not very accurate)

method of finding the longitude of a place is to

measure the altitude of the sun at an observed time

t (about an hour before noon), then to determine

exactly the time i" (about an hour after noon) when

the sun descends to the same altitude. Obviously the

time of " apparent noon," i, (neglecting the change

in the sun's declination), is half-way between i! and

^"jfchat is—
J

«= J (i'+r), nearly. I.

If e is the " equation of time"' (see Tables 44),

given in all nautical almanacs, the time (2*) of

" mean noon " is (by definition) given by the

formula —
T=t±e. II.

The sign of the quantity e is positive if the sun is

fast, but negative if the sun is slow.

It is assumed that the chronometer employed in

this experiment has been set so as to indicate cor-

rectly the time of a given meridian, as for instance

that of Greenwich, from which it is desired to meas-

ure longitude. If it does not indicate this time cor-

rectly, an allowance must be made for the error of
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tlie chronometer. At sea, several, chronometers are

frequently carried. In certain cases a chronometer

may have to be set by a lunar observation. For the

reduction of such results (which is exceedingly com-
plicated), the student is referred to works on navi2;a-

tion. On land, the standard time of a given meri-

dian is usually obtainable by means of the electric

telegraph.

It may be remarked that the longitude of a place

is given by formula II. in hours, minutes and seconds.

^ 244. Indices of Refraction.— I. Ji A is the angle

of a prism (Exp. 45), and Z> the angle of minimum
deviation (Exp. 46) of a ray of light of a given wave-

length, the index of refraction (/a) of the material of

which the prism is composed is (for light of that wave-

length) —
sin^ (A + B}

fj.
— .

sin I A

Certain "doubly refracting" substances have two

indices of refraction instead of one. To determine

them we employ a prism cut so as to produce the

maximum -separation of the two rays into which a

single ray of monochromatic light can be decomposed

by the given prism angle. The minimum deviation

oi each ray is then measured, and the two indices of

refraction are calculated separately by the ordinary

ibrriiula.

II. If ^ is a mean radius of curvature of the two

surfaces of a double convex lens (Exp. 21), and JP

its principal focal length (Exps. 41-43), the index of
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refraction of the material of which the lens is made

may be found :by the formula—

If the same lens (J5, Fig. 269) be enclos^d between

two flat glass plates (A and C)., and the spa:ce be

filled with a liquid, with the index of refraction fi,

then if F' is the principal foeal length of the combi-

nation, we have—

If 7^1 and R, are the two radii of curvature of the

two sides of the lens, the mean radius of

curvature should strictly be calculated by

the formula —
EiG. 263.

2 .K, R^
i? —

R^ -\- Ri

^ 245. Polarization. — The vibrations which con-

stitute ordinary light are, according to modern theo-

ries (§§ 92, 93), at right-angles with the direction in

which the light is propagated. In a vertical beam of

light, for instance, the vibrations are supposed to be

confined to a horizontal plane. The vibrations appear

in general to be distributed uniformly in every pos^

sible direction perpendicular to the path of the ray.

Certain substances and certain optical combinations

have, however, the propert)'' of stopping all the vi-

brations—..or rathex all "their component's (§ 105)

—

'

except those in a certain direction, as for instance
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iioi'th and south. The hght transmitted is then said

to be polarized.

In many optical imstruments, light passes success-

ively through two such combinations. The first is

dalled the "polarizer" (e, Fig. 270)', the second is

called the "analyzer" (a). If the polarizer and an-

alyzer are placed so that (he direction of the vibra-

tions transmitted is the same in both cases, the light

which has passed through one will also pass freely

Fie. 270.

through the other ; but since the polarizer transmits

Only vibrations in a given direction, if the analj'zer is

placed so as to stop all vibrations in this direction,

a beam of light which has passed through the polar-

izer will be completely cut off by the analyzer. The

position of the analyzer when this occurs is indicated

by a pointer attached to it. The reading of the

pointer with respect to the graduated circle b deter-

mines the zero-reading of the instrument.
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Certain substances have the property of changing

the direction of the vibrations in a beam of polarized

light which they transmit. Thus in passing upward

through a solution of cane sugar, north and south

vibrations are gradually changed into a northeast

and southwest direction.^

When a substance producing " rotation of the plane

of polarization " is placed between the polarizer and

the analyzer in its zero-position, the analyzer will no

longer cut off all the light transmitted b}' the polar-

izer. To produce perfect darkness, the analyzer must

obviously be turned through an angle equal to that

through which the plane of polarization has revolved.

The instrument shown in Fig. 270 affords, accoid-

ingly, a means of measuring the rotation of the plane

of polarization.

To test the strength of a solution of sugar with

this instrument, we pour the solution into a tube cd

with glass ends, and interpose the tube in the path of

the beam ea of polarized light. The analyzer is then

turned to the right from its zero-position, until the

light which it transmits is reduced to a minimum.

1 Wlien liglit is polarized by reflection, it is said to be polarized in

a plflne perpendicular to tlie reflecting surface, and containing botli

tlie incident and tiie reflected rays. According to Fresnel's tlieory

tlie vibrations in a beam of polarized light take place at right-angles

with tlie "plane of polarization." The action of a solution of sugar
upon a beam of polarized light approaching the eye is to rotate the
plane of polarization (and hence also the direction of the vibration)
with the hands of a watch. The student should note that this is called

aright-handed rotation in optics; but that it is opposite to the mo-
tion of an ordinary right-lianded screw, which when turned to the
right moves awayfrom the eye.



1 246] COLOR. 561

Let a be the angle in degrees through which it is

turned when sodium light is employed, and let d be

the depth of the sugar solution, equal to tlie distance

between the glass ends of the tube cd; then experi-

ments show that the strength of the solution (s) in

grams per cu. em. is given by the equation (Kohl-

rausch, § 46),—
s = .15 - (nearly).

Tlie rotation varies considerably with lights of

different colors (see Table 81 H). For this reason,

when ordinary white light is employed perfect dark-

ness can never be attained.

.

There are various optical effects (besides the dark-

ness produced, by an analyzer) which depend upon

the plane in which light is polarized. Many' of these

iiave been applied to the determination of angles of

rotation of the plane of polarization. The method

described above has been chosen because of its

simplicity.

^ 246. Color. A piece of colored paper (c, Fig.

271) rna3' be mounted in front of a white screen (d)

and illuminated by a candle (a) through a piece of

distances ae and ad must ^aMl™»iiiiWhiwfaB»toiMi^^

be adjusted so that e and -T'ig- 2/1:

d appear equally bright when viewed from a /point

near b. The " relative luminosity " of the surface c

is then equal to {acy ^ {ad)^ us far as reflected red

rays are concerned.
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A: transparent gdatine plate^ stained with a^i eme-

rald green mixture of common green and yellow inks

is now substituted for the ruby glass (i) , and the rel-

ative luminosity is- again determined^ Finally, a gela-

tine plate stained with a violet mixture (Hofmann's

violet containing, a trace of soluble Prussian blue) is

employed.

The three relative luminosities of the surface c,

obtained as above fey means of red, green, and violet

iwys, completely determine the color of the surface

m question (see ^ 115).

% 247. Velocity of Liglat. — The velocity of light-

was determined by Fitzeau in 1849.^ A beam of

light mttde intermitteBt by passing between the

teeth of a revolving wheeil, was sent to a distant,

mirror; then reflected back to the eye through the

same wheel. When the wheel (which had 720

teeth) made 12.6 revolutions per second, the flashes

of light',- in traversing a ttftal distance of 17,326

metres, were retarded so as to strike a tooth in-

stead of the space between two teeth ; hence the

liglit was cut off. When the speed of the wheel was

doubled, so that 18,144 teieth passed a given point in

one second, the light reappeared; when trebled it dis-

appeared, &ei It was inferred from this experiment

that a beam of light required y^^^j^ of a second to

traverse 17,326 metres; whence the velocity of light

would be about 18,144 X 17,326 metres per second,

or nearly thirty thousand million em. per see.

• See Deschinel's Natural Philesophy, § 686 ; Gahdt's Physics,

§507.
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Foucaiklt has measured the time required by light

to traverse short distanees (a few metres only) by the

use of a revolviug mirror.^ A beam 6i light (J.-B,

Fig. 272) striking the mirror (5) was reflected to a

Mxed concave mirror ( GO') with its centre of curvature

in the atis of the revolving mirror (-S), then back on

its course to the revolving mirror (5), and thence to

the eye. The beam strikes the eye only for a very

short time divring each revolution of the mirror, but

on account of the rapidity of rotation a continuous

effect is produced. When the speed of rotation

reaches several hundred revolufeious' per second, the

mirror turns through a perceptible angle while the

light is passing from B to C or to C" and back again.

Fig. 272.

Herice the return path BA' differs slightly from the'

original path AB.

With a distance -BC equal to about 4 metres, and

with frbm 600 to 800 revolutions per second, diver-

gences of about 40" or 50" were observed. The ve-

locity of light was found to be 29'8 (or nearly 30)

thousand inillion efn. per sec.

By passing the beam of light through a tube of

water (D^^-Figj 272) it was found that the velocity

of Kght in water is about f that in air.

I Beschanel's Natural PliilSBopIiy, § eS7 ; Ganot's Physics, § 50&
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^ 248. Velocity of Sound in 'Wires.— I. If a wire

stretched between two vises be stroked horizontally

near one end by a piece of resined cloth, a musical

note may result from the longitudinal vibrations into

which the wire is thrown. The pitch of the note is

to be determined b}-^ a "pitch pipe" (Pig. 273) or

any instrument serving a similar pur-

pose. The number of vibrations corres-

ponding to the note may be found by

reference to Table 43. If I is the length

of the wire between the vises, and n the

number of vibrations per second, the ve-

locity of sound (y) is—
V = 2nl.

II. If a strip of resined cloth be

EiG. 273. drawn slowly round the wire (like a belt

round a pulley) a musical note may result from tor-

sional vibrations set up in the wire. The velocity of

these torsional vibations may be found by the same

formula as above. The note due to longitudinal vi-

brations is usually about a " sixth " (^ 134) above

that due to torsional vibrations. Hence the two

velocities of sound are to each other as 5 to 3,

nearly.

If d is the density of the wire, Y Young's Modu-

lus of Elasticity (^ 166) and S the simple rigidity

of the wire (^ 239) vi and v^ the velocities of longi-

tudinal and torsional vibrations, we find—
Y=Vi^d. I.

S = v} d. II.
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^ 249. Reversible Pendulum.— A reversible pendu-

lum (Fig. 274) may be made of cast iron,i so that

although the two knife-edges A and B are at very

unequal distances from the centre of gravity

(C) the time of oscillation on both knife-

edges is nearly the same. The position of C
must be found approximately (Exp. 62), and

the distances AQ and BC measured. The
distance AB must be accurately determined

(by measuring DE, DA, and BU with a ver-

nier gauge, and subtracting J)A and BU
from BU). If t' is the time of oscillation

on the knife-edge A, and t" that on B (see

Exp. 58), the time t of oscillation of a simple pendu-

lum of the length AB is —

Denoting by I the distance AB, the acceleration of

gravity (g) may now be calculated by the ordinary

formula—

Fig. 274.

ff
t^

1 For a half-seconds pendulum, the following dimensions are sug-

gested: extreme length of the shaft (DE),ib cm., breadth 3J cm.,

thickness 1 cm.\ ends sharpened to an angle of about 70°; triangular

knife-edges (steel better tlian cast iron) 2 cm. long, sides 1 cm. broad;

distance of each knife-edge from nearest extremity, 10 cm. ; holes 1

X 2 cm. ; disc 14 cm. in diameter, 2 cm. thick ; centre of disc 24 cm.

from one knife-edge, 1 cm. from the otiier. This pendulum should

weigh about 3 kilograms. The centre of gravity should be about

5 cm. from one knife-edge, and 20 cm. from the other. In observations

of its time of oscillation, the knife-edges may rest upon the upper

surface of a short steel rod, 7 mm. square, driven horizontally into

the wall.
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T[ 250. Coefficient of Viseosity. — A liquid con-

tained in a, Mariotte's bottle (a, Fig. 275) is fed

through a rubber tube (jbe) into a capillary tube (cc?),

and eetUetited in a small vessel (e)

.

The weight {w) which passes through

the tube in a given length of time

(^) is found, and the height (A) of

the inlet (5) above the orifice (ci) is

determined. The length (^) of the

tube (c<i) is measured, arid its ra-

dius (r) is found (see T 170). Then
Fig. 275. if ^ is the density of the liquid

(Exp. 14), and g the acceleration of gravity (Exp.

58), the coefficient of viscosity of the liquid is given

by the formula,—

This coefficient of viscosity is the force in dynes

necessary to maintain a difference of velocity equal

to 1 cm. per sec. between two opposite faces of a

centimetre cube.
^

The ordinary coefficient of liquid friction (see

^ 172) depends npon the square of the velocity, and

has no relation to the coefficient of viscosity.

^ 251. Electro-chemical Equivalents. — If, in Ex-

periment 81, / is the reduction factor of the galvan-

ometer, determined as in Experiment 83, w the

weight of copper deposited by the current C in the

time t, and a the average angle of deflection, we have

for the electro-chemical equivaljent (^q) of copper—
w

Ct tl tan a

w1= ni
=
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By the same fprmjjla we may find thp eleetfo-chemi-

cal equivalent of any ath^r spbstanee acted upon by

the .current (7,whether that action be to deposit the

substance in question, or to cause it to go into sol.ii-

tion. In the case of a gas get fi'ee at one of the elec-

trodes of ft voltaineter (C or B, Fig. 276), Tiv,e find

the weight indirectly from the yolumes

CQllept.ed in graduated tubes (A and.B).(

originally fijled with the liquid (^E")

whifih is decomposed by the current. A *'''* ^^^•

battery of two pr three Bunsfn cells should be ,use^

•with a g,a§ voltameter.

If w', w", w'", &c., are the weights of different sub-

stances acted upon by a given current traversing a

series of voltameters for a given time, tlie electro-

chemical equivalents q', q", q'", &e,, may be found (if

any one is known) from the proportion—

•

/". &c.M/' : q' w

^252. CorrectiQn of Rheostats, ^r^ An arrangement

of a set of resistances, conyenient for the purposes of

correction, is represented in Fig. 277. T.he outer

hprae-shoe (ad) contains

1,8 coils capable of being

combined so as tp give

any resistance under

4,000 ohms, withwi .Qn.e

Fig. 277. tenth of an ohm, The

inner horse-sfaoje Qefa) contains r.eisi,stanees,arrange,diii

pairs of 1., 10, 100, and 1000 ohms each. Opposite

a and are two .extra bl.ocJi:s,. These are permanently
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connected together, underneath, by a thick copper

rod. One of them is joined to the positive pole of a

battery. Two blocks opposite h and d are similarly

joined together, and one of them is connected with

the negative pole of the battery.

One terminal of the galvanometer is now carried

to e (or to /). The other terminal is to be connected

with one of the blocks in (he outer line of resistances

between two coils, or sets of coils, which are to be

compared. A pair of resistances about as great as

the coils in question is now introduced into the

inner horse-shoe. Wiien the battery is connected

with a and d, the rheostat assumes the foi'm of a

Wheatstone's Bridge (§ 141). The inner horse-shoe

furnishes two of the arms he and cf. The connec-

tions of these arms may be interchanged by breaking

the batter}' connections at a and d, and making them

at h and c. The arrangement of blocks furnishes in

fact a commutator within the box of coils. By the

use of this commutator, errors due to inequality in a

given pair of resistances may be eliminated (§ 4-4).

The 1-ohm coil is first to be tested against the

smaller coils, together equal to 1 ohm ; then joined in

series with the smaller coils, and tested against each of

the 2-ohm coils; then the 5-ohm coil, the 10-ohm coil,

&c., are to be tested each against its equivalent in

terms of the coils below .it in the line of resistances.

If differences ai-e observed, the sensitiveness of the

galvanometer to a change of 1 ohm (or 0.1 ohms) in

the outer line of resistances must be determined.

The differences in question may then be estimated by
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interpolation (see ^ 216). The results are to be re-

duced as in ^ 217. When the ratios of the different

coils in the outer series have been found, that of any

pair of coils in the inner horse-shoe may be deter-

mined by comparison.

^ 253. Resistance of Electrolytes.— We may sub-

stitute in Exp. 87 an alternating current for a com-

mon battery curient ; in this case the galvanometer

must be replaced by some instrument like the dyuar

mometer, sensitive to alternating currents. A tele-

phone is sometimes found to give satisfactory results

with a rapidly alternating current. Usually a loud

note is heard in the telephone ; but when the Wheat-

stone's bridge is in adjustment, the sound either com-

pletely ceases or reaches a minimum.

The advantage of using alternating currents is

that, in the short time during which they last, the

effects of polarization are so small as to be almost

inappreciable. The method is especially valuable in

the determination of the resistances of batteries and

electrolytes. It is not, however, always successful;

on account of various causes tending to destroy the

minima of sound. To obtain satisfactory results, the

resistance to be measured should be not less than 10

or 15 ohms. The electrodes should consist of plat-

inum strips, at least 10 sq. cm. in area, and freshly

coated with platinum through electrolytic action

(Kohlrausch, 6th ed. 72 II.),

^ 254. Measurement of Electrical Capacity. — A
" condenser " consists of two sets of thin metallic

plates, arranged alternately, as in Fig. 278, so that
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although the plates are very close together, there is

no metallic connection between the two sets. The

plates are generally separated by thin layers of glass,

tA B» mica, or paper dipped in paraf-

fine. The plates of one set are

all connected with one binding-

post (Ay ; those of the other

Fig. 278. set with another binding-post

(-B). A condenser is charged by .connecting A and

B each with one pole of a battery. It may then

be disconnected from the battery, and discharged

through a galvanometer by carrying the terminals to

A and B. Care must be taken not to 'touch both

terminals at the sam« time.

The capacity of a condenser is defined as the quaur

tity of electricity which can thus be stored in it by a

battery having an electromotive force equal to 1 unit

in abisolute measure. The " farad " is a thousand

millionth part of the electio-magnetic unit of capacity.

The distance between the plates of a condenser is

usually very small in comparison with the area of the

separate plates. To calculate the electrical capacity

of such a condenser, we measure the thickness (Q
and total area (^) of the insulating laj^ers, then if s

is the "specific inductive capacity" of the insulating

material (^ 25fi), the capacity ((7) of the condenser

is given in electrostatic units by ithe equation —

^

C= -Al_ I.

or, since it has been found by experiment that 1 mi-

crofarad is equivalent to about 900,000 electrostatic
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iinits,^ the capacitj* (c) in miorofarads may be calcu-

lated by the formula—
As

' =
36,000,000 ^e

'"^^^f^^^^^ ("^^rly)- "•

The specific inductive capacity (s} of the insulat-

ing material must in general be found as in 1[ 256

;

but when the plates of a condenser are separated by

air spaces, since the specific inductive capacity of air

is taken as 1, the capacity of a condenser may be

calculated from direct measurements of the area and

thickness of the insulating material.

The capacity oi any condenser may be determined

by measuring the quantity of electricity stored in it

by a battery of known electromotive force. With

the aid of clockwork, a condenser is to be charged

by a battery and discharged through a galvanometer

n times a second ; the deflection of the galvanometer

being noted. Then if It is the resistance in ohms
through which the same battery produces the same

deflection (see Exp. 95, II.) we have —
__ 1,000,000

nB
microfarads. TIL

In practice we must employ a very sensitive gal-

vanometer capable of measuring currents at least

in millionths of an ampere. The time of oscillation

of the needle should be 10 seconds or more, in order

that the intermittent discharge through the instru-

ment may produce a sensibly constant effect. An
ordinary condenser of 1 microfarad capacity cannot

1 Everett, Units find Pliysical Constants, Arts. 177, 186.

36
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be charged and discharged satisfactorily more than

10 or 100 times per second. ' To avoid large errors

due to this cause, the speed of the mechanism should

be reduced until an approximate agreement is ob-

tained between two or more results.

The experiment may be performed with an ordi-

nary astatic galvanometer, but only by the use of a

condenser of great capacity and a battery of high

electromotive force.

^ 255. Comparison of Condensers, — The capacities

of two condensers may be compared by charging

them, successively, by a given battery, then discharg-

ing them successively through a ballistic galvan-

ometer (see ^ 187). The capacities will then be

approximately as the chords of the throws (§ 109).

The capacities of two condensers may be compared

with great precision by including the condensers in

two adjacent arms of a Wheatstone's bridge (see Exp.

87). One pole of the battery must be applied be-

tween the two condensers. The resistances in the

other two arms of the bridge should be great, and

adjusted so that a sudden reversal of the battery

current causes no sudden deflection of the galvan-

ometer.2 jf (y^ ^nd Cj are the capacities of the two

^ Owing to effects of " electrical absorption " and " residual

charge," the quantity of electricity stored in or obtained from a con-

denser depends somewhat upon the time during which connections

are made. See Ganol'a Physics, § 773. When a condenser is rapidly

charged and discharged, these phenomena almost entirely disappear;

but the resistance of the various conductors may reduce the quantity

of electricity which can flow in and out of the condenser to an indefi-

nitely small amount.

2 See Glazebrook and Shaw, Practical Physics, §§ 81, 82.
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condensers, iZj and R^ the resistances adjacent to

them, respectively, we have —

We have seen (^ 254) that the capacity of a con-

denser with air spaces between its plates may be

measured. The capacity of such condensers is gen-

erally so small that comparisons cannot be made by

ordinary methods. By substituting an alternating

current for the battery and a telephone for the gal-

vanometer (see ^ 253) in the combination described

above, comparisons of these and even smaller capaci-

ties should be possible.

^ 256. Specific Inductive Capacity. — When two

condensers are similar in ev£ry respect except the

nature of the insulating materials used in their con-

struction, their capacities (e and f') are to each other

as the "specific inductive capacities '"
(s and s') of

these materials. Since the specific inductive capacity

of air may be taken as 1, we have in general, from

11254,1.,-
4 7rc<

The specific inductive capacity of a given insulating

material may accordingly be found by constructing a

condenser with that material . between its plates,

measuring the area of and distance between these

plates, and determining as in ^ 254 or as in ^ 255

the capacity of the condenser.

Winkelmann's method for testing specific inductive

capacities consists in the use of three parallel plates,
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A, B, and C (Figs. 279 and 280), equal in area, and 15

or 20 cm. in diameter. A and B are separated by

an air space of the thickness a, while B and are

separated by an air space of the thickness b, and by

a thickness e of the material whose specific inductive

capacity is to be determined. The outer plates A
and are connected either through a telephone (^T,

Fig. 279) with each other, or through a differential

telephone (BT, Fig. 270), and through a metallic

conductor ((7) with the ground. The central plate

Fig. 279. Fig. 280.

(B) is joined to one pole of an induction coil, ihe

other pole of which is connected through G with

the ground. The distances a and h are then adjusted

so that the sound 'heard in the telephone is reduced

to a minimum. The specific inductive capacity (s) is

then given by the formula—
c

s =
a— b
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In Winkelffi aim's methotj we may consider that the

plates A and B form one condenser, while the plates,

£ and C fbrm another condenser. When the capaci-

ties of these two condensers are equal, a given charge

of electricity on B must raise A and Cto the same

potential ; hence if the effect be simultaneous no cur-

rent will flow through the telephone. In practice,

most dielectrics cause a slight reterdation in the

charging of a condenser, so that although the tele-

phone gives a minimum of sound, it never becomes

perfectly silent.

^ 257. Comparison of Electromotive Forces by

means of a Condenser.— The pole cups of a condenser

(A and B, Fig. 278) are to be connected as in ^ 254

with the poles of a battery, then disconnected from

the battery, and connected with the teiminals of a

ballistic galvanometer, the throw of which is to be

observed. The experiment is to be repeated with a

second battery. If a' and a" are the throws, H' and

H" the electromotire forces, We have (see § 109), if

the angles are small,—
W chord a' a' ,

In this experiment it is important that the duration

of charging, discharging, and changing connections

should be exactly the same in the two cases.

^ 258. Electrostatic System.— Two gilt pith-balls

(6 and c. Fig. 281), of equal weight (w) and diame-

ter (d) are both to lie suspended from an insulated

point a, by fine cotton threads of equal length (Z).
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The threads may be blackened with a lead-pencil to

make sure that they will conduct electricity. One

pole of a battery (ie), of several hundred volts, is

to be connected with the point (a) of suspension ; the

other pole with the ground.

The balls b and c, being similarly charged, will

now repel each other. A considerable divergence

should be observed. The distance (s) between the

centres of the two balls is to be found by a sextant

placed at a fixed distance (see ^ 124). The electro-

EiG. 281.

motive force (e) of the battery in electrostatic units

is then (roughly)—
:=/:

1<P

The pith-balls should be about 1 cm. in diameter, and

not over .05 g, in weight. The cords ab and ae

should be at least 100 cm. long, but not over 0.01 g.

in weight. All electrical conductors should be re-

moved as far as possible from the neighborhood of

the balls b and c.

A water battery {de, Fig. 281) will be found con-

venient for this experiment. It may be constructed
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of alternate strips of zinc and copper soldered to-

gether in pairs and attached with pitch to the under

side of a board so that drops of water or dilute

sulphuric acid may be taken up between adjacent

pairs (as A and B).

It has been found by experiment that one unit of

electromotive force in the electrostatic system is

equal to about 300 volts, or 30 thousand million ab-

solute' units in the electromagnetic system. It is an

interesting fact that the ratio between the absolute

units of the two sj'stems is equal, within the limits of

errors of observation, to the velocity of light (see

§93).
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INSTRUMENTS OP PRECISION.

The apparatus employed in the course of experi-

ments which has been described is of the simplest

possible form'. The m-ost accurate results' can be ob-

tained only by the use of instruments especially de-

signed for a given purpose. The following sections

Fio 282.

contain a brief description of the construction and

adjustments of certain instruments of precision,

which though unsuitable for an elementary class of

students, might be advantageously employed hj ad-

vanced students in place of the ordinary apparatus.
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^259. Analytical Balances. — The adjustments of

an analytical balance (Fig. 282) and the precautians

in using it are essentially the same as those described

in Experiment 6, In addition to the mechauism, oper-

ated from outside the Gase> by which in a fine balance

ajil weight may be removed from the.knife-edges, there

is often a pan-arrester, which has to be moved before

two weights can be exactly balanced. A preliminary

adjustment of the weights should be carried as far as

centigrams on an ordinary balance.. The weights may
then be transferred to the analytical balance, and a

finer adjustment made by means of a rider (e. Fig.

283) made of platinjim wire. The rider can be placed

ll 4^
Fig. 283.

at any point (e) of a graduated scale on the balance-

beam by means of a hook (c?) attached to a rod (^ae)

passing through a tube (J) in the side of the balance-

case. The necessary motion is given to the hook by

pushing, pulling, or twisting the rod (ae).

The indication of the pointer is always found while

it is in oscillation (^ 20) ; but since the weights may

be adjusted by means of the rider with any degree of"

precisionr the method of interpolation (^ 20), though

generally quicker, need not be employed.

In finding the position of the rider necessary for

an exact balance,, the same method of approximation

should be employed, at first, as in the adjustment of

weights ; that is, the rider should be placed midway
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between two distances on the scale, one too great

the other too small, until the deflection of the pointer

and the sensitiveness of the balance indicate directly

where it should be placed. When finally observations

of the swings of the pointer show that it would come

to rest at its zero-position, the position of the rider is

noted.

The accuracy of the rider is tested by weighing a

small weight with it. To obtain results accurate to

a tenth of a milligram, the set of weights employed

(even the best) should be most carefully tested (^ 25).

The advantage of weighing with a rider is that the

final adjustment of two weights may be made with

the balance-case closed. The air within the case

should always be kept perfectly dry with chloride of

calcium (or with concentrated sulphuric acid), which

must be renewed from time to time. Neither arm of

the balance should be exposed to the heat of a fire or

lamp, or to the qold glass of a window. The method

of double weighings should if possible be employed.

If it is not employed, care must be taken that the

pans are equal in weight, and that in the zero-

position, the balance-beam is horizontal and the

pointer vertical.

^

' When tlie greatest accuracy is desired, arrangements must be

made to carry on the ordinary processes of weighing from a dis-

tance. Thus at the International Bureau of Weights and Measures

at St. Cloud, not only the suspension of weights from the balance-

beams, but also the interchange of the contents of the scale-pans is

accomplished by a series of shafts leading from each instrument

nearly to the centre of a large room m which the finest balances are

contained. Mechanical contrivances are also employed for the final

adjustment of weights in vacuo.
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^ 260. Comparators. — A simple form of compjira'

tor is represented in Fig. 284. It consists of two

reading microscopes (A and B) mounted on supports

(E and F) which slide along a rail QGrS). The slid-

ing supports may be clamped at any point of the rail

by thumb-screws (C and 2)). A small scale of tenths

of millimetres {b and b', Fig. 284) is placed in the

tube of each microscope at a distance from the object

glass (c) equal to twice its focal length. The eye-

FiG. 284.

piece (a) is first focussed upon this scale, then raised

or lowered until a given object is in focus. Let us

suppose that the two microscopes are thus set, one

upon each end of a scale. It is obvious that if a

standard scale be now substituted any difference be-

tween the two will be not only readily detected, but

easily measured in tenths of a millimetre and such

fractions of a tenth as may be estimated bj^ the eye

{§ 26).

Care must be taken to have the upper surfaces of

the two scales on the same level, so that both scales

may be in focus, and to have the microscopes firmly

clamped, and not subjected to any strain between ob-

servations.

^ 261. The Dividing-Engine.— A dividing-engine

(Fig. 285)' consists essentially of a micrometer (c) with



572 INSTKUMENTS OF PRECISION. [11262.

a, long screw (-D6r) fixed in position, so that when

the micrometer is turned, a nut (UF) gives a slow

motion to a slide (B) to which a reading microscope

(A) is usually attached. The length of an object

parallel to the s.crew is deterrnined by the number of

turns of the micrometer necessary to make the micro-

scope travel from one end of the object to the other.

The microscope is of course provided witli cross-

hairs, so that it may be set exactly on a given point.

The screw is always to be turned in a given direction

in measuring a given distance ; otherwise an error

due to looseness of the screw (" backlash ") may be

made. The pitch of the screw in different parts is

EiG. 285.

found by measuring with it a standard scale of

known length (see ^52), If the nut is long and fits

equally well in all parts of tlie screw, no ffreat varia-

tions of pitch can occur.

The dividing-engine is especially useful in measur-

ing distances between the lines of a scale, or lengths

of columns of mercury in the calibration of a tube

(see ^ 71). The results may be more precise than

those obtained with anj' other instrument for the ,

measurement of length.

^ 262, The Cathetometer. — {kutu, down, ridr}fji(^ to
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plaee, and fierpov, tneasiu-e) is an InstrHiaeafc for meas-

uring vertical distataoes (Fig. 286). It consists of a

horizontal telescope or reading

microscope (6) sliding on a verti-

cal shaft (aA), which is capable

of rotating 'a'boiit its own axis.

Sometimes the shaft is gradua-

ted, the oarriage to which the

telescope is attached being pro-

vided with a vernier, so that the

height of the telescope may be

read. Slow motion may also be

given by a micrometer screw

(e/). The cathetometer may

then be used for measuring small

vertical distances, just as the div-

iding-engine (^ 261) is used for

horizontal distances. The mi-

crometer is useful in measuring

precisely, for instance, the dis-

tance through which a wire is

stretched (Exp. 65). For ordi-

nary purposes, neither the micrometer nor the ver-

nier is required. The shaft is first adjusted by the eye

so as to be as nearly perpendicular as possible, hy

means of the levelling-screws (h, i, and l) at the base

of the instrument, then the telescope is made hori-

zontal according to a spirit-level (e) with which it

is provided. Then the shaft is rotated about its ax:is.

If the axis is not vertical, the bubble in the spirit-

level will tend to move in a given direction. The

Fio. 286.



574 INSTRUMENTS OF PRECISION. [IT 263.

top of the shaft is to be inclined slightly in this di-

rection. After a series of trials the axis may in this

way be made perfectly vertical.

The object to be measured is to be set up with the

aid of a plumb-line, beside a vertical scale, so as to

be at the same distance from the cathetometer as the

scale is, both at the top and at the bottom. The tele-

scope of the cathetometer, accurately levelled, is to

be focussed by means of the cross-hairs upon one end

of the object (^ 116, 3), then rotated so as to bear

upon the scale, and the reading of the scale noted.

If the spirit-level is disturbed, the cathetometer must

be readjusted and the reading redetermined. The

reading of the lower end of the object is to be found

in the same way. By putting a graduated scale in

place of the cross-hairs, the divisions of a scale may

be divided into very small parts. This method is not

so precise as that depending upon the use of a ver-

nier or micrometer attached to the cathetometer,

but may, in unskilled hands, give fully as accurate

results.

^263. Micrometer Eye-Pieces. — Instead of mov-

ing a telescope or a reading microscope bodily, as in

^^ 261 and 262, it is sometimes convenient to mount

the cross-hairs upon a small slide within the eye-

piece of an instrument, and to give a slow motion to

the slide by means of a micrometer screw. The value

of the micrometer divisions must be found for each

instrument. A micrometer eye-piece gives indica-

tions much more precise than a fixed scale ; but care

must be taken not to alter the setting of an instru-
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ment by pressure upon the eye-piece in adjusting the

micrometer, and, as in the dividing-engine (^ 261), to

turn the instrument always in a given direction up

to a setting. If the micrometer is turned too far, it

must be turned backward a considerable way, then

forward to the desired point.^

In the best optical circles two microscopes with

micrometer eye-pieces are usually provided. These

are placed on opposite sides of the circle, in order

that errors due to excentricity may be avoided.

^ 264. Regulators. — For experiments involving

the accurate measurement of time, a clock with a

compensating pendulum, or a chronometer with a

compensating balance is indispensable. The clock

or chronometer should be provided with an electric

break-circuit, and must be rated by observations with

either a sextant (^ 243) or a transit (see Pickering's

Physical Manipulation, § 178), or by comparison with

time signals from some observatory.

In the Physical Laboratory of Harvard College, the

regulator employed is a common seconds-clock with

a wooden pendulum-rod controlled by an electiical

time circuit. The control consists simply of a fine

spiral spring connecting the pendulum with the arma-

ture of a telegraph instrument in the circuit. Elec-

trical signals, sent from the Astronomical Observatory

at intervals of two seconds, are thus made to act

mechanically upon the pendulum. When the latter

1 The " backlash " should be taken up, in so far as possible, by the

action of a spring. Errors due to " backlasli " may be thus greatly

diminished, but not completely eliminated.
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has been caret'ullj' rated without the control, very-

small impulses are suiBeient to prevent it from gain-

ing or losing.

^ 265. Kater'a Pendulum (Fig. 287).— In Kater's

form of reversible pendulum (see 249) the rod (de) is

usually made of brass, a little over a metre long, 2

or -3 cm. wide and about 5 mm. thick. Two
steel knife-edges, he and fg, ai'e attaclied

firmly to this rod with a distance of about

1 metre between them. They are supported

when the petidulum is in use, by agate

planes, h and a. The bob (K) is a brass cylin-

der, weighing 1 or 2 kilograms. Movable

counterpoises, d and e, serve to adjust the

centre of oscillation. Two light and firm

metallic pointers (a and i) may be used to

magnify the oscillations.

In addition to these adjustments, clamps

with tangent-screws may be employed to ob-

tain a slow motion of the counterpoises.

The knife-edges he and fg are sometimes

made movable (one or both of them). In

this case, verniers are usually attached, so

Fig. 287. that the distance between the knife-edges

may be read by a scale on the shaft de. The zero-

reading of the vernier is found by bringing the knife-

edges together against a pressure equal to the whole

weight of the pendulum. The accuracy of the main

scale is tested by a comparator (^ 260) at the ordinary

temperature of the experiments, and under a strain

equal to the average weight which the shaft sustains.
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^ 266. Chronographs. — A chronograph consists

generally of a cylindrical drum (A, Fig. 288) rotated

uniformly by clock-work. The surface of the drum

is coated with lampblack,

so that a style (5), at-

tached to the armature (c)

of a telegraph instrument

may make a mark upon it.

The line AB represents the

trace caused by an ordinary

seconds break-circuit. At

the point D there is an

extra break due to a signal Fig. 288.

given by hand. If the drum revolves uniformly,

the exact time of such a break can evidently be de-

termined by measuring the distance from it to the

nearest second-mark, and comparing this with the

distance between two second-marks.

The pitch of a tuning-fork may be determined very

exactly by the trace made on the surface of a chron-

ograph (see ^ 189).

It may be said in general that the chronograph is

valuable as a means of determining precisely the

interval of time between any two phenomena which,

with or without the agency of electricity, are capable

of affecting the motion of a style.

^ 267. The Siren.— The siren (Fig. 289) is an in-

strument for producing a musical note of any pitch,

and at the same time registering the number of vibra-

tions constituting that note. It is operated by a

constant air pressure from a bellows, specially con-

37
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strucited for this purpose. The air enters the wind-

chest of the instrument at (F),, issues ;ohliquely £rGnn

a series of holes (of which E is one) in the top of the

wind-chest, and strikes obliquely against the sides of

a series of holes (of which D is p-ne) in a disQ (C),

which is thereby set in motion. When the two series

of holes come opposite, the air escapes freelj' from

the wind-chest-; when they are not opposite, the cur-

rent of air is nearly cut of£.^ The irregular flow of

the air sets the atmosphere in vibration. The num~

Fia. 289.

her of vibrations in a given length of time is indicated

by the dials A and B.

In practice the speed of the siren is regulated by

pressure on the top of the bellows used to drive it.

The note is slowly raised until it agrees with one

whose pitch is to be determined. When the two

notes are nearlj' in unison beats will be heard (^ 140).

By a slight change of air pressure, perfect unison

may generally be obtained. This will he shown by a
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cessation of beats. The unison is maintained for a

given lengA of tiiae during wliich the number of

vibrations made by the siren is registered. In some

instruments the dials may be thrown in and o«t of

gear at a given mQm,ent. This facilitates the obser-

vations of tlie dials, but care raiust be taken that the

speed of the siren is not affected.

It must he remembered that beats occur not only

when two notes are in unison, but also when tJaey are

nearly an octave apart, and to a somewhat less extent,

when they are separated by any oi^«r musical inter-

val (^ 134). A musical ear is therefore almost a

necessity in the adjustment of a siren. The chief ad-

vantage of the siren is that it enables us to find the

pitch of notes not easily determined (as is Exps. 52,

54, and 55), by either optical or graphical methods.

^ 268. Mirror Galvanometers.— A very sensitive

galvanometer is made by suspending a small mirror

(jP, Fig. 290) in the middle of a coil JE of insulated

wire, by means of a single fibre of «=?

cocoon silk {BE). Small bits of ^JL^
" hair-spring " (used in watches) ^^^TT^'^
highly magnetized, all in the sanve pf i

manner, are fastened with the
IwlHlilk

smallest possible quantity of wax ^L' l^lilt.

to the back of the mirror. A ^J^m7\
large curved magnet {BC) capable ^"Zli^^^^^^s,^
of sliding up and down the tube '^^^^^^^^^p-
{A) or turning round it, is ad- Fig. 290.

justed sp as to nearly neutralize the effect; of the

earth's magnetism on the naiagaets attached to the
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mirror. The sensitiveness of this instrument when

accurately adjusted, though less permanent than that

of an astatic combination, is for the time being fully

as great.

In some galvanometers a converging mirror is used,

so that a spot of light may be projected on a trans-

parent screen. The existence of a current is indi-

cated by the motion of the spot of light with respect

to a scale graduated on the screen.

In other instruments a plane mirror is employed,

with a long-focus lens mounted permanently in front

Fig. 291.

of it. The deflection of the mirror is frequently ob-

served by means of the reflection (E, Fig. 291) of a

scale (B) in the mirror (C), seen from a point (.4),

where either the eye or a telescope may be placed.^

^ 269. Electrical Standards.— Copies of " standard

ohms" may be obtained from most dealers in electri-

cal apparatus. The terminals should be thick copper

J Prof. B. 0. Peirce has shown tliat excellent results maj' be ob-

tained without any telescope (A), by placing beneath the mirror C
a fixed mirror D, so that the two reflections {E and F) of the scale

(B) very nearly coincide. When the two mirrors are parallel, the

zeros of the two scales are opposite, no matter where the eye may be

placed. The slightest deflection of the mirror causes an apparent

motion of the scale reflected in it.
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rods, capable of being amalgamated with mercury

and connected by mercury cups with a Wheatstone's

Bridge Apparatus. Unless special care be taken

in making these connections, the most accurate

standards of resistance may lead to very erroneous

results.

Standard cells of Latimer Clark's pattern may
easily be obtained. Their electromotive force is

about 1-435 volts at 15". The decrease is about

•00077 volts for a rise of temperature of 1° Centigrade.

The uses of a constant cell have been alluded to in

^^ 228, 230.

" Standard amperes " are now being made by some

dealers. When the attraction of a coil of wire for

d^^-^-

Fig. 292.

a piece of soft iron is balanced by gravity (Fig. 292),

an allowance must be made for variations in gravity

when the instrument is transported from one latitude

to another. A standard ampere depending upon the

action of a spring, though subject to many theoretical

objections, would be practically useful as a cheek

upon results obtained by other methods. Let us sup-

pose that such an instrument is connected in series

with a rheostat and a tangent galvanometer, that a

current, sent through both, is increased until the in-

strument indicates 1 ampere, and that the galvan-

ometer is then read. The reciprocal of the tangent
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of the angle of deflection should agi'ee closely with

the reduction factor already found (Exp. 83).

^ 270. Electrometers. -^ Various forms of quadrant

electrometer may now be obtained from manufactu-

rers. The theory of these instruments is exceedingly

complicated, and the results are more or less uncer-

tain. The principal use of the instrument is in the

ease of inconstant cells, to confirm results obtained

by the use: of a condenser. Such instruments in g&n-

FiG 293. Fig. 294.

eral have to be calibrated by means of cells of known

electromotive force.

Thomson's absolute electrometer (Figs. 293 and

294) depends upon the attracti^on between two plates

j and i, when charged oppositely with electricity.

The plate / is suspended from one end (c): of a bal-

ance-beam (ac). The force exerted apon it is coun-

terpoised by weights in a pan (/) suspended from the

other end of the beam {a.) The deflection of the beam

is observed by means of a sight (c?) and a lens (e).

The plate i is very much lafger than j, which is sui--

rounded by a ring (K) charged to the same potential
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as the movable disk {j), to equalize the distribution of

electricity upon the latter.

If w is the weight required to balance the attrac-

tion of the two plates, d the distance between them,

and a the area of the suspended plate (y), then the

difference of potential (e) between the plates is given

in electrostatic measure by the formula—

d|/l^w
a

It is said that an absolute electrometer may be made

sensitive to the difference in potential between the

two poles of a Daniell cell. It is especially valuable

for the calibration of other forms of electrometer

better suited for actual use, and for determinations

of the fundamental relations between the electrostatic

and electro-magnetic systems.

EKD OP PART II.





PHYSICAL MEASUREMENT.

PRINCIPLES AND METHODS.

INTRODUCTION.

The first step in all scientific progress consists in

a classification of different objects based upon simi-

larities and differences. The distinguishing charac-

teristics of solids and liquids, minerals, metals,

crystals, &c., were undoubtedly observed long before

history began. The necessity for shelter and cloth-

ing must have drawn attention to tlie difference be-

tween insulating substances and conductors of heat

;

and in the same way all physical properties of im-

portance to mankind cannot have failed to receive

early recognition. The manner in which different

branches of science have been developed is perjiaps

best illustrated in the case of electricity, the phe-

nomena of which were virtually unknown^ before the

1 The development of electricity from amber was known to Tliales

several years before Christ. It would appear, however, that at this

time little or nothing else was known about electricity. Ganot's

Physics, § 723.

1
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end of the sixteenth century. We find in very early

writings tables like the following :
—
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ranged in a list in the order of their power to con-

duct or to insulate electricity (Deschanel's Natural

Philoso[ihy, § 409). In the same way certain bodies,

at first classed simply as positive or negative with re-

pect to the charges of electricity which tliey receive

when rubbed together, are in later works arranged as

follows (Deschanel, § 411) :
—

Fur of Cat.
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gaps in the list are great or small, equal or unequal.

We have no idea even of the relative values which

the numbers (1-10) represent. . Still, the assignment

of numbers to the different substances may be con-

sidered as a first attempt to obtain precise results ; and

in the case of physical quantities wrhich admit of no

more exact estimation, the value of an arbitrary scale

like that of Mohs must not be overlooked.

The next step in the accurate representation of

results is to make the intervals between different

scale-numbers equal,— or, at least, to make them fol-

low in regular progression. Among the earliest ap-

plications of this principle may be

mentioned the arbitrary hydrometer

scales of Beaum^, Beck, Cartier and

Twaddell. A mark was made upon a

hydrometer (see Fig. a) to show how

deep it sank in water ; and this mark

was numbered or 10, as the case might

be. Then the hydrometer was floated

in some other liquid of known compo-

sition, and another mark was made to

show how deep it sank in that liquid.

The second mark was also numbered

arbitrarily — 60 or 80, for instance

^== (see Table 40). Tlie distance between

the two marks was then subdivided.

The scale of an ordinary thermome-

ter (see Fig. b) is constructed in a similar waj-.

A mark is made to show where the mercury stands

when surrounded with melting ice, and another
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mark is made to show where it stands in steam

(see Exp. 25). The distance between the two

marks is divided by Fahrenheit into 180 parts;

by Celsius, into 100 parts ; by R(5aumur, into 80 parts.

Fahrenheit called the freezing-point of water 32°,

without any scientific reason ; Celsius and Reaumur

called it 0°. Their scales are accordingly simpler

than Fahrenheit's, but none tlie less arbiti'ary. The

Celsius scale is still, in use in the ordinary centigrade

thei'mometer (§ 4) ; the otiier scales, together with

the hydrometer scales of Baume, Beck, Cartier, and

Twaddell, are going out of use. The gradual disap-

FiG. b.

pearance of arbitrary scales is in general an indication

of scientific progress.

It is obviously desirable that the numbers in

a scale should be proportional to the quantities

which they represent. With the advance of sci-

ence in the early part of the present centurj-, we

find an abundance of physical tables showing the

relative values of diiferent quantities (§ 3). Spe-

cific gravities of solids and liquids compared with

water, specific gravities of gases and vapors com-

pared with air or with hydrogen, specific heats

compared with water, &c., were all more or less

accurately determined.

At the same time that the physical properties of
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different bodies were compared together, the changes

which take place in a given substance under varying

conditions were carefully studied. The expansion of

solids, liquids, and gases due to heat were, for instance,

observed and tabulated. We find in Biofc's " Phy-

sique ' (1821, vol. i., page 320) a table showing the

relative densities of water at different temperatures,

some of which are compared below with the best re-

sults of modern observers, as given by Everett in

§ 34 of his "Units and Physical Constants." Calling

the density of water at 4° equal to 1, these r^esults

become ^—
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of different metals to conduct heat were, for instance,

given Ly Despretz as follows, counting gold as 1,000

(Ganot's Physics, § 404) :
—
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extent non-committal, and hence justly unpopular

with scientific men. The highest end of physical

measurement is not attained unless every quantity

with which it has to deal is compared directly or

indirectly with the so-called absolute units (§ 8) which

lie at the base of the system. Quantities subjected

to such comparisons are said to be determined in ab-

solute measure.

We have seen that, historically, in various branches

of science, the absolute system of physical measure-

ment has been approached by a series of stages. The

first stage may be called classification ; the second,

ordination ; the third, numbering; the fourth, gradu-

ation; the fifth, comparison ; the sixth and last, de-

termination. The first two stages deal with qualities,

and involve only qualitative experiments. Physical

measurement is properly confined to the last two

stages. It deals exclusively with the numerical rela-

tions between different physical quantities. Meas-

urements are, accordingly, quantitative in their

nature.

It is unnecessary to distinguish phj-sical measure-

ment from measurement in general, as the term is

usually employed. It is only physical quantities

which are capable of being measured. Measurement

implies observation ; exact measurement implies ac-

curate observation. The observation required in

physical measurement is, it is true, exceedingly lim-

ited in its character (see § 23). In the natural sci-

ences, the powers of observation have their widest

application. In physical measurement the sharpest
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use of this faculty is required. The student ie apt

to imagine that an ineiease of precision in the in-

struments at his disposal Avould relieve the contin-

ual tax which he feels upon his power of observation.

Quite the reverse is generally true. The better the

instrument, the harder it is to do justice to it. One

must learn to obtain the best possible results witli

rough instruments before one is fitted to use instru-

ments of precision. The habit of accurate observa-

tion is an important object to be gained by a course

of physical measurement.

The most accurate results in physical measurement

often require practice, not ordj' in observation, but

also in manipulation. The skill acquired in a course

of quantitative determinations is an advantage by

no means to be overlooked.

The principal benefit to be expected from a course

of laboratory instruction is, however, familiarity with

the eappefimental method and the processes of induc^

tive reasoning which it involves. Certain of these

processes belong especially to quantitative determi-

nations. The results of physical measurement fre-

quently depend, not only upon a long series of

obsei-vations, but also upon a more or less compli-

cated chain of reasoning, including the mathematical

calculations by which the observations are reduced.

A single error in any one of the data, or in any step

in the process of reduction, will in most cases entirely

change the result. The student is not, however, in

physics as in philosophy, necessarily misled by such

an error. Physical measurement abounds in what
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are called " check methods " (§ 45), by which errors

either in observation or in reasoning may generally

be detected. Having once discovered the sources of

error into which he has fallen, the student is less

likely to commit the same errors in the future. The

result of a course of physical measurement should be

to give him a just confidence in what he has seen

with his own eyes, and in what he has reasoned out

in his own mind.

The student should learn, as early as possible, to

distinguish between real and apparent accuracy. A
kilogram of woo'd may, for instance, be weighed to

a milligram on a good balance. Such a weighing

would be called precise. The true weight would,

however, be very inaccurately determined, if no ac-

count were taken of the buoyancy of the atmosphere,

which may amount to several thousand milligrams.

A given degree of accuracy implies an equal degree

of precision ; but precision does not necessarily imply

accuracy. Exact results are those which are both

accurate and precise.

When a measurement, however inaccurate, is re-

peated several times in exactly the same manner, more

or less concordant results are usually obtained. The

object of the scientific observer is not to make his de-

terminations look more accurate than they really are,

but, on the contrary, to bring to light the errors by

which they are affected. He seeks accordingly eveiy

possible variation of the conditions under which an

experiment is tried, in order to hring.out discordances,

if possible, between methods which ought (as far as
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he knows) to give exactly the same result. The

simplest changes— the manner, for instance, of sup-

porting an instrument— have frequently a most un-

expected effect, and lead to the disclosure of unknown

sources of error.

The student must not be discouraged by the dis-

covery that his results are less accurate than he ex

pected. He will find by comparing together the

determinations of distinguished scientific men, that

great discrepancies frequently exist between them.

He must not be deceived by the number of decimal

places to which their work is carried out. According

to a custom prevalent, especially in the early part of

this century, 3, 4, and even 5 figures, having little or

no significance (§ 55) are often appended to results

(see footnote, page 590). Within the last twenty

years, the physical constants have acquired certain

conventional values. There is an undoubted tendency

to publish determinations by which these values are

confirmed, and to suppress others equally good, lead-

ing to different results. The concordance of modern

determinations is therefore,. to a certain extent, appar-

ent rather than real.

From time to time (as every one knows who follows

scientific proceedings) inaccuracies in the accepted

values of the physical constants force themselves

upon our attention. In view of these facts, the

student- should return with increased confidence to

his own determinations. When an investigation has

been completed, and air sources of error, in so far

as possible, allowed for, the facts should be made
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known, no matter who has arrived at a different

result.

The. student should learn to value different detex*-

minations for what they are worth. It is a very

rough weighing that is not accurate within one part

in a thousand ; but some of the best electrical meas-

urements are subject to much greater errors.

The results of some observers in determining the

conductivity of different substances for heat are twice

as great as the results of others ; these results are

however, useful. They show, for instance, that it

would be impracticable to heat a house by a system

of conducting rods radiating from a common centre ;

but that the thin metallic coatings of a furnace offer

a comparatively slight resistance to the passage of

heat. A knowledge even of the number of ciphers

necessary to express the magnitude of certain quanti-

ties,— as, for instance, the weight of molecules,— may
be useful in certain calculations. The fact that some

measurements are necessarily inexact should not pre-

vent the student from doing his best where accurate

work is possible. ,

The results of physical measui'ement can, from

their nature, never be, like those of mathematics,

perfectly exact. Errors of greater or less magnitude

are not only possible, but we may say almost certain

to occur. Herein lies an important distinction be-

tween mathematical and physical problems. A mathe-

matical solution is either right or wrong. In regard

to the results of physical investigations, we have to

consider how far each is likely to be in error. The
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quantitative methods which characterize phj'sical

measurement are extended even to the errors oom-

mitted in these measurements. The treatment of

such problems forms an Important branch of the

mathematical theory, of probability, upon which all

inductive methods are founded. It is not easy, from

a philosophical standpoint, to regard the probable ac^

curacy of results obtained by observation in exactly the

right attitude. One cannot strictly afiSrm the accu-

racy of any figure in a result ; but, as concerns some

figures, it is difficult if not impossible to formulate

the slightest doubt without enormously exaggerat-

ing the real uncertainty. Discussions of "probable

error'' (§§ 60-52) are characteristic of physical meas-

urement, and teach a species of reasoning which, in

problems of insurance, has assumed great practical

'

importance.

One of the principal advantages derived from a

course of physical measui'ement is, as has been said,

the acquisition of habits of accurate thinking. When
two quantities have been compared together, it is evi-

dent that, if the magnitude of one is known, that of

the other must be determined. It is not, however, al-

ways clear what is determined by a given observation.

It must be borne ni mind that a physical determination

consists, essentially, in the comparison of a quantity

with one better known than itself. At the beginning

of this century, the density of water at high temper-

atures was known only within a few tenths of 1 %.

To-day, the density of water is one of the best

known physical constants. The same experiment
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(Exp. 19) which one hundred years ago constituted

a determination of the density of water, now fur-

nishes data only for calculating the volume of a solid,

or the rate of expansion of the material of which it is

composed. Great care must be taken to make a

proper use of the results of physical measurement.

One may, for instance, measure the circumference and

radius of a circle, and fr'om the results calculate the

ratio which one bears to the other. It would, how-

ever, be incorrect to speak of this experiment as a

determination of the ratio in question , since, this

ratio, being capable of exact mathematical calculation,

is better known than the scale readings upon which

the result depends. Physical measurement may be

occasionally employed as a check upon mathematical

calculations, particularly when (as in certain applica-

tions to physics) there is any doubt as to the validity

of the assumptions upon which the calculations de-

pend. Any attempt, however, to establish mathe-

matical principles by data obtained from observation

is an obvious abuse of the experimental method.

The so-called "proofs" of well-known physical

laws and principles founded upon rough and insuffi-

cient data are hardly less objfictionable.i The use of

the experimental method as an illustration of such
laws is not denied. One of the objects, however, of

a course of physical measurement is to teach a stu-

' It may be remarked that tlie Law of Boyle and Mariotte (§ 79)
was thus tauglit and implicitly believed m for more than a century,
before more exact observation showed that this law is only approxi-
mately fulfilled.
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dent how to make the best use of the tools at his

command. The laws and principles which have been

most carefully studied by scientific men should be

made the instruments, not the objects of elementary

research. The teacher should avoid, in so far as pos-

sible, experiments whose ostensible object is to estab-

lish well-known facts,— like the conservation of en-

ergy,— the truth of which is not really in question.

Among the habits of accurate thinking which it is

the object of physical measurement to teach, may be

mentioned those involved in a diligent and methodi-

cal search after the errors which are likely to be

committed in one's work. It is hoped that the classi-

fication of errors in Chapter II. may be of assistance

to the student who is thrown more or less upon his

own responsibility. It is of course impossible to an-

ticipate in any such classification all errors which

may arise ; bat there are certain kinds of- errors of

such frequent occurrence that one must always be

on one s guard against them. The student should

ask himself, for instance, in respect to every scale

reading, Have errors of parallax been guarded against

(§ 25) ? Have errors been committed in the estima-

tion of tenths (§ 26) ? Are there mechanical devices

by which such errors could be diminished (§ 27) ?

Has the zero of the scale been carefully adjusted

(§ 32) ? Has the scale been carefully tested (§§. 31,

37)?

In addition to these considerations, by which errors

may be frequently avoided, there are certain general

methods, considered in Chapter III., by which (when
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they can be applied) the accuracy of a result is

aliiOays increased. The student who is plaiiBiug fot

himself the details of a physical measurement should

consider these general methods one by one. He
should ask himself, for instance, Is the method pro-

posed the most direct (§ 36) ? Could not more ac-

curate results be obtained by dealing with larger

quantities (§§ 38, 39) ? or quantities which happen

to be more nearly coincident (§ 40) ? Could not pre-

cision be gained by the use of differential instruments

(§§ 41, 42) ?. or accuracy by the check methods (§§ 43-

45)? Would it be possible to- reverse or interchange

the quantities compared (§ 44) ? or to obtain and

average results from several determinations (§ 46) ?

These and similar questions must occur habitually to

every successful observer.

A course in physical measurement is not especially

suited to students who wish to become acquainted

with a wide range of physical phenomena. Dealing,

however, with quantities of nearly every description,

and with the numerical relations which exist between

them, it affords numerous examples of the application

of physical laws and principles. It is only through the

aid of definite examples that most persons can arrive

at an Hnderstanding of physios. It has been assumed

iri the experimental course described in Parts I. and

IF. of this book, that the student is already familiar

with the statements of physical phenomena contained

in ordinary text-books. If this is the case, he must

expect to gain deflnitenesrs rather than scope in his con-

ceptions from a course of quantitative determinations.
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It would be impossible, in the limited space which

can be devoted to the subject in the present volume

to describe or explain in full more than a very small

part of the principles which Underlie physical meas-

urement. The brief notes contained in Chapters V.-

X. are intended simply to recall to the student (who

has already taken a course in general physics) the

laws and principles which he has to employ, and the

proofs upon which they rest. They may also be use-

ful to the instructor as a basis for his lectures, or to

the student who is just beginning the study of phy.s-

ios as a " syllabus " of what he should read in order

to follow intelligently the course of physical measure-

ment described in Parts I. and 11. For a full explan-

ation of the physical principles involved in this

course, the student is referred to the standard works

of Daniell, Deschanel, and Ganot.

The advantages of a course in physical measure-

ment have been considered chiefly from an educa-

tional standpoint. It is hardly necessary to point

out that Physical Measurement is a science of great

practical importance. The nice adjustments of the

different parts of a machine would, for instance, be

impossible without accurate measurements. Success

in Chemistry, in Astronomy, in Surveying, in fact

in all branches of Civil and Eleotrioal Engineering,

depends to a great extent upon a thorough under-

standing of the Principles and Methods of Physical

Measurement.



CHAPTER I.

GENEEAL DEFINITIONS.

§ 1. Nature of Measurement. — Measurement con-

sists in finding out by observation how many things

of one sort correspond in magnitude to a given num-

ber of another sort. When 10 spaces on a measure

divided into inches are found to reach through the

same distance as 254 spaces on a millimetre scale, the

length of the inch is said to be measured in milli-

metres, and conversely the millimetre may be said to

be measured in inches. Either the millimetre or the

inch may be used as a standard of comparison. When
a quantity of known magnitude is compared with

one of unknown magnitude, the latter is said to

be measured in terms of the former. Thus, if a load

is found to be equal in weight to a given number ot

grams, its weight in grams is said to be measured.

It is obviously impossible to compare, in general,

magnitudes of different sorts, — as, for instance,

length and volume ; but under certain circum-

stances, correspondences or relations exist between

such quantities. When a stream of water, for in-

stance, striking an obstacle with a velocity between

2 and 3 miles per minute is found to warm itself 1

Fahrenheit degree, a certain relation between tem-

perature and velocity is said to be established. Such

relations are properly objects of physical measure-
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ment. Measurements are either relative or absolute

(§ 8), and may be classed, accordingly, as compari-

sons or determinations.^

§ 2. The Metric System.— The metric system is

now generally adopted in scientific work. It is so

called from the metre, or standard of length upon

which it is founded (§ 6). The metre is equal to

about 39.37 English inches. A cubic metre of ice-

water weighs 1 " tonne " (1,000,000 grams) or 2205

lbs. nearly. There are, accordingly, 16.432 grains,

or about 15 drops of water in one gram (§ 6). In the

tnetric, as in other systems, the unit of time is the sec-

ond (§ 7). The chief advantage of the metric system

consists in the simplicity of the relations which exist

between the standards of length and mass, and in

the use of units each of which is some decimal mul-

tiple or sub-multiple of the others in the same series.

These units are distinguished, in the metric sys-

tem by the aid of prefixes, which have the follow-

ing significations: mega, one million , fa7o, one thou-

sand ; hecto, one hundred ; deJca, ten , deoi, one tenth ;

centi, one hundredth ; milH, one thousandth, and micro

1 The word " absolute " must not be confounded with the word

"exact." Measurements are said to be "absolute" only when /un-

damentat standards or units are employed (see § 8). We speak of the

measurement rather than the determination of variable quantities, as

for instance the strengtli of an electric current We speak also of the

measurement of accidental quantities, like the length or weight of a

body, especially when, as in measurements of length, direct methods

can be employed. (See Chap. III.) On tlie other hand, a magnitude

is said to be " determined " rather than " measured " b}' an arbitrary

scale, and measurements of invariable quantities, like the physical

constants, are customarily called " determinations "
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one millionth. Thus a kilometre means a thousand

metres ; a microvolt a imillionth part of a volt. When
the unit begins w^ith a vowel, the last vowel of tlie

prefix is genejally omitted; thus a million ohms is

called a megolmi.

§ 3. Relative magnitudes.— There are certain quan-

tities which can be defined without reference to any

particular system of measurement, such for histance

as include simply a ratio between two things. Thus

specific gravity is the proportion which the weight of

a substance bears to that of an equal bulk of water

;

specific heat the proportion of heat it absorbs as com-

pared to that absorbed by an equal weight of water

;

and specific electrical resistance is sometimes, though

not generally, used in a similar sense.^ Again, strains

are defined as the proportion of the distortion which

is produced to the whole quantity acted upon. Thus

if a body has been stretched or sheared by an amount

equal to -j-^ of its length, or compressed by j^-^ of

its volume, it is said to have suffered a strain of j^.
Angles too are determined ^ by the ratio of the arc

which they subtend to the radius ; and the sine, cosine,

or tangent of any angle ^ is simply the ratio between

two of the three sides of a right-angled triangle in

which the given angle occurs. Another instance is

the index of refraction, or ratio of the velocity of a

wave outside of a medium to its velocity in It. It

1 See Experiment 88 ; also Trowbridge, New Physics, Experinient

120.

2 See Table 3, columns a and c.

' See Table 3, columns 6, e, and/
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is clear that when only a ratio is concerned, the results

from all systems must agree.

§ 4. Scale of Temperature. Our present scale of

temperature, though recently introduced, is equally in-

dependent of any particular system of units by which

other physical quantities are measured.

The temperature of melting ice is defined as 0° on

the centigrade scale ; that of condensing steam as 100°

under a standard atmospheric pressure, or that which

sustains at Paris a column of mercury 76 cm. long, and

at 0°.i At other points temperature is measured pro-

visionally by the indications of a mercurial thermom-

eter made of ordinary glass, the tube being divided into

100 parts of equal capacity between 0° and 100.°

It is assumed that a thermometer reaches, after a

time, the same temperature as the bodies with which

it is in contact.^

§ 5. Unit of Length.— The unit of length adopted

in nearly all scientific work is the centimetre, or hun-

dredth part of the length, at 0° centigrade, of a stand-

ard metre still preserved in the French Archives. This

metre was intended to be the ten-millionth part of the

distance along a meridian from the equator to the

poles, but it was made about | of a millimetre too

short, the earth's quadrant being now supposed to

lie between 10,007 and 10,008 kilometres ; being,

moreover, subject to shrinkage, though the amount

has never been measured. The only absolute deter-

mination of the centimetre which we possess is in

1 See § 5 below ; also Table 14.

^ For a further discussion of temperature see § 74.
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wave-lengths of light. It contains, for instance,

16,972 waves of sodium light in air.

§ 6. Unit of Mass.— Our unit of mass is the gram,

or thousandth part of the standard kilogram of the

French Archives, which was intended to be equal to

the weight in a vacuum of a cubic decimetre of dis-

tilled water at its temperature of maximum density

(vei'y near 4° centigrade). In addition to the error in

the metre already noticed, the standard kilogram was

made about 13 milligrams too light ; but if this is

taken into account, the gram can easily be reproduced

from a given standard of length which has been com-

pared either with the original metre or with wave-

lengths of light. (See § 152.)

§ 7. Unit of Time.— The unit of time which we use

is the second, of which there are 86,400 in a mean

solar day. The second depends therefore on the ro-

tation of the earth with respect to the sun. As no

change has been detected in the rotation of the earth

by comparing it with other astronomical motions, the

second would seem to be practically constant. In

one second, sound passes through 33,220 centimetres

of dry air at 0° centigrade ; light through 30 thou-

sand million centimetres of empty space, as nearlj^ as

we can tell. From any of these data the second

could be reproduced independently of the rotation of

the earth.

§ 8. Absolute System.—The system followed in this

work is that recommended by the British Association,

and is known from its fundamental units as the centi-

metre-gram-second system, often abbreviated C. G. S.
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The three units of length, mass, and time are called

fundamental, because all other units of this system are

derived from them ; and they may be called absolute,

because they can bfe reproduced (without the use of

any standard) from the general properties of such uni-

versal substances as salt, water, and air. It is in this

sense only that any system of measurement may be

called absolute.

§ 9. Surface, Volume, and Density.— Surface or area

is measured in square centimetres ; volume or capac-

ity in cubic centimetres ; density in grams per cubic

centimetre. Density in general is defined as the ratio

of mass to volume. (See § 154.)

§ 10. Velocity;— Velocity is expressed in centime-

tres per second. It is well to remember that a veloc-

ity of one hundred centimetres per second or one

metre per second corresponds to a very slow walk,

only a little over two miles per hour. It is incorrect

to speak of a velocity of so many centimetres, or of

so many miles. A railway train may move at the rale

of one mile per minute, while a steam roller makes

only one mile per hour. Both the distance traversed

and the time occupied in so doing are necessary to

specify a velocity.

§ 11. Acceleration.— Acceleration is defined as the

rate of change of velocity,' or the change of velocity

per unit of time. If a steamer starting from a wharf

acquires in one minute a velocity of three miles per

hour, in two minutes a velocity of six miles per hour,

1 For a discussion of what is meant by a change of velocity, see

§105.
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in thiee minutes a velocity of nine miles per hour,

etc., increasing its velocity every minute by three

miles per hour, we should say that its acceleration

amounts to three miles per hour per minute. It

would be incorrect to speak of its acceleration as

three miles per hour, for a horse and carriage might

acquire the same velocity in one second.

It is necessary to state not only the magnitude of

the velocity acquired but also the time it takes to

acquire it. Since velocity is measured in centimeti'es

per second, and time in seconds, acceleration is ex»

pressed in centimetres per second per second. The

repetition of the words " per second " in scientific

works is not therefore, as is commonly supposed,

simply a printer's favorite mistake.

§ 12. Poree.— The dyne or unit of force is defined

as that force which acting on a gram for a second

would give it a velocity of one centimetre per second.

A dyne is almost too small a force to be felt. It

may be thought of as the weight of a piece of very

thin tissue-paper a centimetj'e square ; meaning by

weight the force with which, for instance, it presses

against the hand. In the same sense a drop of water

weighs from 50 to 100 dynes ; a man from 50 to 100

millions of dynes.

The dyne can be best represented by means of a

delicate spring-balance. The weight of a gram in

latitude 40°-45° is shown by such an insvtrument to

be about 980 dynes ; at the equator, however, it is

only 97.3 dynes, and at the poles nearly 984. The
weight at the centre of the earth would be nothing.
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On the other hand a given number of dynes as above

defined always $tretches the babmce to a given mark,

whether at the equator or at the poles. Hence we
say that the weight of a gram varies,^ but the dyne,

in terms of which we measure it, remains always tlie

game. Force in general is measured as the product of

mass and acceleration. (See § 106 and § 153.)

§ 13. Couple.— The unit couple is a force of 1 dyne

acting on an arm 1 centimetre long, at right angles to

it, with an equal and opposite force at the other

end of the arm. A couple consists in general of

two equal forces acting in opposite directions, not in

the same straight line but in two parallel lines, and

is measured by multiplying together either force in

dynes by the arm, or perpendicular distance l>etween

the two lines of action. Anything which can t\vist a

body or make it spin contains a couple ; anything

which can push it or pull it or shove it to one side

contains. a force. All motions grigiijate eitlier in

forces or in couples or in combinations of forces and

couples. (See § 113.)

§ 14. Work,— The unit of work is the erg, defined

as the amount pf work done in moving through a digr

tance of one centimetre against a resistance of one

dyne. It makes no difference how long it takes to

complete the motion ; but we assume that there has

been no gain or loss of velocity on the part pf the

^ By the weight of a gram is here meant the varying force witli

wliich gravity attracts it. Tliis is the proper signification of weiglit-

Some writers, hoyrever, use weight in,the sense of mass, or quantity of

matter. The mass of a gram is by definition constant. See "Elemen-

tary Ideas, etc.," by E. H. Hall (published by Sever, Cambridge).
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moving body, since that would also have to be taken

into account. (See § 121.) Work in general is

measured as the product of the force iu dynes, and

the motion in centimetres ; considering of: course only

the effect or component of the force in the direction

of the motion. (See § 119.) When the force acts on

a body in the direction in which it is moving, it is said

to do work upon the body; when the force opposes

the motion, the body is said to do work against the

force.

Those who have been accustomed to measure work

in foot-pounds (multiplying the motion in feet by the

number of pounds which have been raised), may no-

tice that the erg- or dyne-centimetre naturally replaces

the foot-pound in a system in which all forces are

measured in dynes and all distances in centimetres.

While three hundred foot-pounds in England are

the same thing as three hundred and one foot-pounds

in Brazil, the erg has one great advantage in that it

is the same all the world over. Ten million ergs are

sometimes called a joule.

§ 1.5. Power.— The practical unit of power is the

watt, or ten million ergs per second. A man can

easily do the work of 100 watts. One horse-power

is rated at 746 watts. It takes about 4.166 watts to

generate, through friction, one unit of heat per second.

(See below.) A common parafBue candle is equiv-

alent iu heating power to 60 or 70 watts; 10 or 12

candles represent a horse-power.

§ 16. TTnit of Heat.— The unit of heat is the quan-

tity required to raise a gram of water from 0° to 1°
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centigrade. It tak^s about forty-two million ergs to

bring this about ; more exactly, 41,660,000 ; hence this

number is said to represent the mechanical equivalent

of heat. Other substances take more or less (gen-

erally less) heat than water to raise 1 gram of them

1° in temperature, and more or less work in propor-

tion. This proportion determines the specific heat of

the substance in question. (See also § 86.) Specific

heat is strictly defined as the number of iinits of heat

necessary to raise 1 gram of a given substance 1° in

temperature.

§ 17. Unit of Magnetism. — A unit quantity of mag-

netism is one which attracts or repels an equal quan-

tity at a centimetre's distance with the force of 1

dyne. There are two kinds of magnetism, positive

and negative. Two positives or two negatives repel

each other, while positives and negatives attract.

§ 18. Unit of Electrical Current. — The absolute

C. G. S. unit of electrical current is one which in

flowing through a centimetre of wire acts with a

force of 1 dyne upon a unit of magnetism, distant

1 cm. from every point of the wire.

§ 19. The Ampere. The practical unit of current is

the ampere or tenth of an absolute unit. A common

quart Daniell cell will give a current of about 1 ampere

under favorable conditions.

§ 20. The Ohm. — The practical unit of resistance is

the ohm. It was intended to be the electrical resis-

tance of a wire in which a current of 1 ampere would

generate in one second an amount of heat equivalent

to 10,000,000 ergs. That is, an engine of 1 watt
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power would keep up a current of 1 ampere through

such a resistauce. In point of fact the standard ohm

prepai-ed by the British Association is a little more

than 1% too smiall, and as this error has been kept in

our copies, we have to allow for it in our calculations.

The ohm may be remembered as the resistance of

about fifty metres of copper wire 1 mm. in diameter,

or as that of a column of mercury 106 em. long and

1 sq. mm. in cross section. The value of the latter

resistance at 0° is adopted in FraBoe and elsewhere

as the legal definition of the ohm. The liqitids of a

quart Daniell cell iisually offer a I'esistance of about

1 ohm.

The resistance of a conductor in general is numer-

ically equal to the power necessary to maintain a unit

of current through it.

§ 21. The Volt. — The practical unit of electromo-

tive force is the volt, or that which is required to

maintain a current of 1 ampere through a resistance

of 1 ohm. A Daniell cell has an electromotive force

of about 1 volt.

Electromotive force ia general is defined as the

ratio of the power (§ 15) to the current. We have

seen that it takes one watt to maintain a current ot

1 ampere through a resistance of 1 ohm ; and that it

takes 1 volt to do tlie same. It will not do to con-

clude that one volt is the same thing as one watt

;

two volts will keep, up a current of two ampferes

through one ohm, bat four watts will be required.

Electromotive force corresponds not to power but to

hydrostatic pressure. (See §§ 137-139.)
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§ 22. Intensity.— There are various other terras a

definition of which might be useful here, but it h&s

been thought better to explain each as the necessity

arises. The use of the word " intensity " in the sense

of concentration is, however, important. By intensity

is meant the proportion of one quantity per unit of

some different quantity. Tlie force in dynes (about

980) with which gravity attracts each gram of matter

is sometimes called the intensity of gravity. Intensity

of pressure, generally called simply pressure, is ex-

p-essed in dynes per square centimetre, corresponding

to the ordinary use of pounds per square inch. The

pressure of the atmosphere is, for instance, about one

megadyne per sq. em., averaging in this latitude about

l.S% more than this. Intensity of stress, or simply

stress is measured in the same units ; as when we say

that steel bars break under a stress of eight thousand

megadynes per sq. cm. In the same way intensity of

illumination ought to be expressed, not as it often is,

in candle power, but in candle power per square centi-

metre of surface illuminated. Intensity should always

be distinguished from quantity in this way. Like rate

with respect to time, or the word per^ with respect

to quantities in genera,!, intensity signifies a ratio or

proportion,

1 Everett's Units and Physical Constants, page 10.



CHAPTER II.

OBSERVATION AND ERROR.

§ 23. Coincidence. — Almost every physical meas-

urement involves the reading of a scale of some sort,

by means of what may be called an index or pointer.

Temperature, for instance, is measured by a thermo-

meter, consisting of a tube of glass with a scale marked

upon it, let us say in degrees, and an index of merOury

or some other liquid moving up and down the tube.

Aneroid barometers, pressure-gauges, clocks, com-

passes, and galvanometers are read by a hand or pointer

of some sort moving over a dial. An ordinary balance

has an index, and a small scale behind it to show,

when the weights are nearly adjusted, which pan is

the heavier, and how much. Spring balances are read

bj' the position of a small index. When the length of

a body is measured by the scale on a metre rod, one

end of the body is used as the index ; or, again, a mark

on a sliding scale is used as an index with respect to

a fixed scale, and conversely. The above list contains

a small part of the various instruments used in physi-

cal measurement ; but a great part of those from which

numerical results are actually obtained. Most obser-

vations therefore consist in reading scales of various
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sorts, by noticing the point with which the index ap-

parently coincides.

The coincidence of two objects in position may be

determined with great delicacy by the touch, or the

coincidence of two sounds in time by^ the ear ; but

most- observations relate to the coincidence or agree-

ment of two phenomena both in space and in time, and

Can be made conveniently only by the eye.

§ 24. Classification of Errors.— It is obvious that

mistakes are likely to arise in observation, as when

we take a figure 3 for a figure 8 ; but mistakes of this

sort should be distinguished from errors proper. A
reasonably small error is more likely than a large one ;

but a mistake in the thousands is as probable as in

the units. (See § 156.)

Errors may be divided into two classes : constant

errors, or those which always tend to increase or to

diminish a result by a definite amount ; and accidental

errors, or those which tend sometimes to increase it

and sometimes to diminish it. Constant errors can be

allowed for if we have sufficient information about

them; but no correction can be applied for accidental

errors.

For instance, in measuring length, the temperature

of a tape, the moisture which it may have absorbed,

the strain upon it, and the curvature of the surface

measured, all affect the result. It is impossible to

predict whether the temperature will be higher or

lower, the dampness greater or lesSj the strain more

or less intense than when the tape was graduated.

We study accidental errors as we would combinations
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of "heads and Uils " in tos&ing coins. No result is

entirely free from them. Their influence may be

indefinitely reduced (§ 46), but never completely

eliminated.

Errors may further be distinguished into three

classes : first, errors of observation (§§ 25-30) ; seeoud,

instrumental errors (§§ 31, 32) ; and third, errors of in-

ference (§§ 33, 34). The various methods of avoiding

errors of observation are considered below in connec-

tion with the sources from which they arise, the com-

monest of which are as follows : imcertainty in a point

of view (I 26), the coarseness of a scale (§ 26), the

minuteness of the object observed (§ 27), the neces-

sity of observing two different things at the same

time (§28), the unequal rates at which different sen-

sations are transmitted (§ 29), and the effect of mental

impressions (§ 30).

§ 25. Parallas:.— In many scales where the index is

between the graduation and the eye, the apparent poiji-

tion of the pointer is affected by the point of view.

The index seems to slide along the scale as the eye

moves from one end to the other. This phenomenon

is called parallax (from irapd, along, and aWda-ao),

to alter). Clearly to avoid errors from parallax, the

eye must be held in a fixed position so as, for in-

stance, to look perpendicularly upon the scale. To

tills end one of the simplest devices is to use a mir-

ror parallel to the scale and behind it if possible.

The eye is placed so as to see its own reflection in the

mirror in tlie direction of the pointer; in this case the

line of sight must be perpendicular to the scale.
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§ 26. Estimation of Tenths.— One may readily dis-

tinguish in most cases whetlier the pointer apparently

coincides with a certain mark on a scale, or with the

space between two marks; but this is by no means

the limit of the eye's accuracy. If the pointer falls

between two marks, it is generally possible to decide

whether it is half-way between them, or nearer to one

than to the other. In other words, the eye is accurate

to fourths. It is, in fact, possible to imagine the space

between two marks in an ordinary scale divided into

at least ten parts, and to decide correctly in the ma-

jority of cases in which of these parts the pointer lies.

r
I :l -3 -J, s -e . -r ^ vo rrnn i""i r^n nrr

FlG. I.

The ten diagrams in Fig. 1 show the relative positions

of a pointer dividing the space between two marks

into various proportions, the figures indicating the

number of tenths to the left of the pointer in each

case. A close study of such diagrams will in a short

time justify the division of spaces into tenths by- the

eye. It is assumed henceforth that in the case of any

index and scale under favomble isonditions, the read-

ing is expressed in tenths of the smallest divisions.

The estimation of tenths is not ©onfined to th^ eye.

It will be found that the ear is equally reliable. Thus

the time between two ticks of a clock can be divided

into tenths, so that the occurrence of a sound can be

determined with practice to a tenth of a second.

3
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§ 27. Mechanical Devices.— When a space or line is

too small to be seen we generally resoi-t to a lens or

microscope, as in Experiment 19 ; but there are vari-

ous other devices to measure small distances. One of

the most delicate tests of the adjustment of the four

points of a spherometer to the same plane is the noise

made by rocking the -instrument from side to side,

(see Experiment 20), and an electrical contact is sen-

sitive to a change of distance which the eye fails to

see (see Experiment 65). The motion of the top of a

vacuum chamber in an aneroid barometer is magnified

by a system of levers, and finally by a chain passing

round a small axle so as to render the smallest motion

perceptible. When a motion is too rapid to be seen

by the naked eye, we may still often observe it through

some optical device. An instantaneous view, for in-

stance, will show the body as if at rest, and in the case

of periodic motion a series of instantaneous views may

give it an apparent motion so slow that it is easily ob-

served (see Experiment 51). Again motion may be

made to record itself by marking on a moving surface.-

The vertical motion of a barometer is thus recorded

by means of a pen on a piece of paper moving by

clockwork horizontally beneath it. This method is

called graphical. Any instrument which moves uni-

formly so that time can be accurately recorded in this

way is called a chronograph, literally a time-writer

(from 'x^povot;, time, and ypdcfxo, to write). A chrono-

graph can be used to record the vibrations of a tun-

ing-fork, even one which emits the highest or fastest

audible note.
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Similar results can be obtained when the pen is not

moved directly by the tuning-fork or moving body,

(see Trowbridge, New Physics, Experiment 155), but

indirectly through the aid of electricity, and various

electrical devices ma3' be employed to magnify the

effects of small intervals of time, and thus detect the

smallest variation from coincidence (see ^ 147).

Optical, Graphical, and Electrical Devices include

the principal methods of aiding observation.

§ 28. Use of Two Senses.— When we wish to ob-

serve two things in different places at the same time

we often resort to the use of two senses. The Eye

and Ear method ^ consists, for instance, in the use of

the eye to watch one moving bodj- while the ear

listens for the occurrence of a sound defining the mo-

tion of another.

This is the method by which one ordinarily com-

pares his watch with a striking clock or with a noon

gong. The sense of touch is used by the engineer to

help him count correctly the revolutions of a wheel

without looking off his watch, and a variety of meth-

ods can be devised by which two or more senses bring

together from different sources a knowledge of what

is taking place at different places at a given tinae.

The use of two senses often obviates the necessity of

employing complicated mechanical devices.

§ 29. Personal Equation.— It is generally found that

the eye is quicker than the ear to report what is

taking place, but the difference is greater in some

persons than in others. Thus if two persons were

1 See Pickering's Physical Manipulation, § 15.
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to estimate at what time the report of a cannon is

heard, one would tend always to return figures greater

than the other, let us say by several hundredths of

a second. Such a difference, however small it may

se6m, might seriously affect a determination like that

of the velocity of sound, and is a perpetual source

of annoyance in astronomy. The allowance which

each pefson must make to produce results equal to

the true or average result is called his personal equa-

iion. It is not specially considered in this course of

measurement, being eliminated together with what is

called "zero error," as explained in § 32.

§ 30. Effects of Anticipation.— One of the most dan-

gerous sources of error in observation lies in the habit

of anticipating results. Experience shows that under

the influence of a strong expectation, the eye is not

only incapable of estimating fractions correctly, but

that it becomes blinded to gross errors,— pronounces

weights, for instance, equal when the balance-beam is

not free to move; reads sixty-odd centimetres instead

of seventy-odd, several times in succession. It is

sometimes necessary to prepare one's self by calcu-

lating beforehand— particularly in astronomy— the

values which one expects to observe; but indepen-

dence of observation is obtainable only in ignorance

of the meariiug of the indications which one records,

and particularly in ignorance of the fact whether the

values obtained are likely to be too great or too small.i

1 The teacher may amuse himself at tlie expense of liis class by
determining the effects of " gravitation " towards various values which

he may choose to suggest.
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For these reasons the following rule will be found use-

ful : Take your observations first j second, give a copy

to some one else ; third, reduce them ; fourth, report

the result; and fifth, inquire what values others have

found.i

§ 31. lastrumental Errors.— Without any fault on

the part of the observer, errors often arise through

the imperfections of the instruments wliich he em-

ploys. These may be divided into two classes : first,

errors of adjustment, as when two parts are not ex-

actly parallel or perpendicular ; and second, scale

errors, for instance, irregularities in a graduated rod

or in a set of weights.

The vaTious tests which have been devised to cor-

rect errors of adjustment will be described in connec-

tion with the several instruments to which they

belong. Scale errors may arise either from a change

in, or from the original misplacement of, certain fixed

points ; like the " freezing " and " boiling " points of

a thermometer, or from inaccurate calibration. They

are avoided in general as explained in § 36. The

commonest error of this sort is a misplacement of the

zero of a scale.

§ 32. Zero Error. — When the greatest care has

been taken to read one end of a scale correctly, an

error often arises because the other end is out of

adjustment. The graduation of a tape measure sel-

dom begins at the ring, and yet it is common to see

1 The examination of substances whose composition is known only

to the teacher— or to the apothecary ^ will afford a sufficient oppor-

tunity to test the application of thiis rule.
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distances measured by professional mechanics as if

this were the case. It is always well, even when

no error of this sort is suspected, to confirm an obser-

vation by taking two others, the difference between

which should agree with a previous result. Thus

the length of a pencil might be found by laying it

along the middle portion of a metre-rod instead of

making one end of it even with the rod, and in this

manner, even if the end of the rod were worn away

or broken off, the true length of the pencil would be

discovered. This is called the method of difference.

The error due to the inaccuracy of the beginning or

zero of a scale is called zero error, and it is necessary

to guard against such errors in general. It should be

borne in mind that every measurement, like that of

length, depends upon at least two observations, or their

equivalent ; and that the accuracy of one is just as

important as that of the other. 'However evident it

may seem to be that if the quantity which is being

measured were taken away, the index would point to

zero, it is continually necessary to test the truth of

this fact. The balance when both pans are empty,

from a slight dislocation of one of the knife-edges,

often tends to one side ; springs do not always return

to their original length after stretching, owing to a

permanent set; galvanometer-needles do not always

point north and south when the current is cut off,

— a bunch of keys may perhaps account for the

variation.

§ 33. Errors of Inference. — One must distinguish

carefully between what he sees and what he infers.
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It would be impossible to state any general principle

by which errors of inference may be avoided ; but in

order to correct them, it is often necessary to refer to

the original observations from which the inferences

liave been drawn. Hence the necessity of preserving

the records, however rough in form, made at the in-

stant when a given phenomenon occurs. The turning-

points of an index should for instance be recorded,

and not simply the position where it is inferred that

the pointer will come to rest; or, if at rest, its actual

position should be noted, not the weight which one

infers would produce an exact adjustment. Again,

the reading of a standard English barometer should

be written down first iu inches, and afterwards re-

duced to centimetres.

In addition to the observations necessary to a given

measurement, every circumstance should be noted

which may have a possible influence on the result.

The appearance of air-bubbles, in hydrostatics, may,

for instance, determine the relative accuracy of dif-

ferent weighings. The time of an experiment enables

us to supply the barometric pressure, roughly, at a

later date, by consulting a weather report. An exact

description of place may furnish a subsequent clue to

the magnetic deviation. We must also be able to

identify the instruments which we have used, if we

would confirm the inferences drawn from their indica-

tions. In fact, the severest test of a laboratory note-

book must occasionally be applied, namely, one's

ability to repeat with it a measurement from begin-

ning to end.
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It is important to thj& cloamess of one's notes to

enter actual observations in one place and calculations

in another. Errors in reasoning are almost always

due to confusion in regard to the nature of the quan-

tities dealt with. The student should learn from the

first to write opposite each number what that number

represents. Every figure necessary to the calculation

of a result should be preserved for future reference,—

even those which enter, for instance, into ordinary

multiplication or division. In calculation, as in ob-

servation, corrections are most easily made in those

records which are moat complete.

§ 34. Logical Analysis. — The use of logical an-

alj'sis for the purpose of disco^vering uiiknown sources

of error is seldom dwelt upon by writers on physical

measurement. It is, however, obvious that the re-

duction of results may be thrown into the form of

a demonstration ; and after errors of observation

have been allowed for, if the reasoning is correct,

unknown errors must lie in the assumptions. It is,

therefore, importajit to determine what these assump-

tions are.

Thus in the ease of a Nicholson's hydrometer

we reason that since the weight required to sink

it to a given mark is, let us say, 30 grams at 10

o'clock without a load, and 10 grams at 11 o'clock

with a load, assuming that a giuen weight always pro-

duces a given result, the apparent weight of the load

must have been equivalent to that of 20 grams, accord*

ing to the set of weights.

Both theory and experiment show that the assump-
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tion is true only when the temperature of the water

is constant aud when various other conditions are

fulfilled. Changes in quantities which we uncon-

sciously assume to be constant are a frequent source

of error in physical measurement.



CHAPTER HI.

GENERAL METHODS.

§ 35. Methods of Trial and Appro:simatiou. — The

ordinary method used in tlie arts for testing the diam-

eter of a wire is to fit it into a series of slits, each nar-

rower than the one before it, until one is found which

the wire cannot be made to enter. A series of trials,

systematically arranged, leads very quickly to the de-

sired result. The trials are of course limited in prac-

tice to a set of slits of about the same width as the

wire. The first trial should be made with one near

the middle of such a set ; for if this slit be two small,

little time is lost, while, if it be too great, only half

of the set remains to be tried. In any case, we find

out which half contains the slit fitting the wire. The

second trial should be made about the middle of this

half.. A quarter of the original set then remains to

be tried. A third trial is made near the middle of

this quarter, &c.^ By thus continually halving the

limits between which an unknown quantity has been

found to lie, its precise value may be determined with

the smallest possible number of trials.

In certain cases, we have no clew whatever to the

magnitude of the quantity which we desire to meas-

' 10 halvings reduce a quantity in the proportion 1024 : 1 ; 20 halv-

ings reduce it in the proportion 1,048,576 to 1.
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ui'e.^ A bad electrical connection may, for instance,

amount to a small fraction of an ohm (§ 20), or to

several million ohms. We begin, therefore, by com-

paring it with a standard which comes in the ordfiroi

its magnitude, as expressed in the decimal system,

about half-way between the extreme limits within

which measurement is possible. With an apparatus

capable of measuring resistances from 1 to 1,000,000

ohms, we should first try, for instance, 1000 ohms.

If 1,000 were too great, we should next try 10 ohms

;

and if this were too small, 100 ohms. Very few tri-

als are usually required to determine the Qrder of mag-

nitude to which any measurable quantity belongs. ,

When the I'esult of a given trial can be anticipated,

this trial is needless, and should be omitted from the

series which would otherwise be made. We begin,

for instance, by comparing an unknown weight with

a standard as nearly equal to it as possible. Then a

second standard or combination of standards is tried.

A good practical rule is to try weights in their order

of magnitude,^ each weight in a set being generally

about half or twice as great as the one next above or

below it. If the first estimate be reasonably. close,

the result of following this rule will he. probably to

turn the balance. It is evidently useless to make

' If there is any doubt whether the apparatus wliieh we employ

is capable of measuring the unknown quantity, it is well to compare

this quantity at the start (1) with tlie smallest and (2) with the largest

available standard. A reversal of the indication of an instrument

obtained in this way is valuable, because it shows that the instrument

is in working order and that a measurement can probably be made.

2 See Pickering's Physical Manipulation, vol. i., page 48.



628 GENERAL METHODS. [§35.

changes in weight which are certain to turn the scales.

If, accordingly, two weights appear by any chance to

be nearly balanced, a much smaller change should be

made.

The method of trial employed in weighing is es-

sentially the same as that used in finding the diame-

ter of a wire. Wlien an unknown weight has been

found to lie between two limits, in the absence of

any indication which limit is the nearer, we try a

weight as nearly half-way between these limits as

convenience will allow. To avoid, however, compli-

cated combinations of a set of weights, we follow

this rule only in so far as may be possible by the ad-

dition of one weight at one time or by the substitu-

tion of one weight for another (see Exp. 1, ^ 2). A
similar method is employed with a set of electrical

resistances (Exp. 86).

A great many physical instruments show only

which of two quantities is the greater, without indi-

cating how great the difference is between them.

The best results are obtained with such instruments

by the methods of trial described above. When,

however, it is possible to calculate approximately the

magnitude of an unknown quantity from the results

of one or more trials, this, method may be greatly

shortened. Thus, by observing how much the tem-

perature of a mixture is lowered by cooling one of

the ingredients a certain number of degrees, we may

calculate roughly how many degrees this ingredient

must be warmed or cooled to bring about any desired

temperature in the mixture (see ^ 99, I.) A series
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of trials may be arranged in this way so that each is

much closer than the one before it. This is called the

"method of trial and error,'' or the "method of suc-

cessive approximations" (Pickering, Physical Manip-

lation, vol. i., page 10).

§ 36. Methods of Graduation and Calibration.— (1)

PkODUCTION OF A SET OF STANDARDS. The purposes

of physical measurement frequently require the pro-

duction of a set of standards, each of which must be an

accurate multiple of a given unit. Let us first sup-

pose that a suitable standard unit can be obtained.

The first step is to make an accurate copy of this

unit. This requires the aid of some instrument ca-

pable of detecting the slightest difference between

two quantities (§ 42). With such an instrument, the

copy is made as nearly as possible like the original

by the method of trial and error (§ 35). Let us call

the original A, and the copy B. The two are then

combined, and by the aid of the same instrument two

standards, (7 and 2>, are prepared, each equal to the

sum of the standards A and B,— tliat is, 2 A, nearly.

There are then two ways of producing a standard E
equal to 5 A. We may combine C, D, and A ; or C,

D, and B. The former is preferred because, in em-

ploying the original standard A, instead of a copy of

it, there is one less chance of error; see (4). By

combining A, C, D, and E, two standards, F and 6r,

may be produced, each equal to 10 A, nearly. There

are, then, two ways of making a standard, H, equal to

20 A. One way is to combine jPand G, the other is

to combine one of these— F, for instance — with A,



630 GENERAL METHODS. [§36

C, D, and E. The latter is preferred because it makes

use of the sum of the standards (A, C, D, and E^
instead of a copy of tliis sum ; see (4). In a similar

manner, we may prepare standards of the magnitudes

50 A, 100 A, &c.

Let us now suppose that a suitable standard unit can-

not be obtained, and that the only available standard

is some multiple of this unit, as for instance 1000 A.

We then assume a provisional unit of any magnitude,

X, and construct a series of provisional standards, of

the magnitudes 2 x, 5 a;, 10 x, &c., until we reach a

value as great as the given standard. Then by the

method of trial (§ 35) we find how many provisional

units are equal to this standard. The values in the

provisional series are now known ; and by making

and copying the proper combinations of this series, we

may construct a series of standards which are more

or less accurate multiples of the standard unit which

we desire to represent.

It would be out of place to consider here the me-

chanical operations by which graduated scales and

circles are produced. Standards must in general be

subjected to a series of tests, as will be explained in

(2) and (3).

(2) Testing a set of standards. The con-

struction of a set of standards may be considered as

a first step toward the accuracy of results ; but no

matter how carefully such a set may be prepared, it

is almost always possible to detect a difference be-

tween any two combinations of nominally the same

value. It is generally easier to measure and allow
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for such differences than it is to avoid them. A set

of standards may accordingly be tested by. a series

of comparisons involving essentially the same com-

binations as those employed in processes of construc-

tion ; see (1). Instead, however, of comparing H
with A -{- C -\- J) -\- E -\- F, we should in practice

compare it with F -\- Q-, since the latter combination

(JP -f- ^)? being more frequently employed,— see (4),

— needs to be known with greater precision. We
prefer, in fact, tests involving the use of the smallest

possible number of standards.

In addition to a series of comparisons by which we

may determine the relative values of different stand-

ards in a set (see Exp. 7), either the sum of the set

or one or more of the larger standards which it con-

tains should be compared with some standard of

known value.

(3). Calibeation. Variations in the bore or "cal-

ibre " of a tube may evidently give rise to errors in

the estimation of its contents by means of a scale at-

tached to the tube. Any process by which such errors

may be eliminated is properly called " calibration
"

(see ^t 68 and 71, Exps. 25 and 26). This term has,

however, been extended to the correction of a scale

of any sort.

To obtain accurate results with an ordinary scale

of length, it is obviously necessary that all the inter-

vals of a given nominal value should be equal, or at

least that they should not differ from one another by

a perceptible amount. A simple way to test the ac-

curacy of a scale is to lay beside it another scale
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graduated in exactly the same manner. Let a, b, c,

&c., represent the spaces on one scale, and a', b', c',

&c.,those on the other scale, and let us suppose that

the division lines between these spaces are opposite

one another. Then a = a', b^b', 6^ c', &c. The

first scale is then to be moved along so that a may

come opposite to b'. If the division lines again come

opposite, a= b', b^ c, &c. Since in the first case

b' = b, and "in the second case b' = a, it follows that

a =^ b, and in the same way all the intervals, a, b, c,

&c., must be equal.

To test, accordingly, the uniformity of the milli-

metre divisions on a metre rod, we place two such

rods side by side, then we move one of them along

1 mm. The equality of the centimetre spaces may be

similarly established bj' moving one of the rods 1 cm.,

and the decimetres may be tested by moving the rod

10 cm. It must not be imagined, because there is no

perceptible irregularity in the millimetre divisions,

that there can be none in the centimetre or in the

decimetre divisions. If for instance, the first 100 mm.

spaces on each rod, were longer than the next 100

mm. spaces by
j-J-g

mm. in each ease, we sliould hardly

notice the difference between them ; but the first

decimetre would be longer than the second by a

whole millimetre. For a similar reason it is impor-

tant to compare the two halves of a scale,— see (4),

— the two quarters into which each half may be di-

vided, &c. (see Exp. 24).

The relations between the magnitudes compared in

testing a graduated scale or circle are, to a certain
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extent, the same as in the case of a set of standards;

see (2).

When there is no other way of testing the relative

values of different scale indications, we do so by

measuring with the scale different quantities bearing

known ratios to one another (Exp. 96) ; the scale may

then be used for relative indications. Every scale

which is to be depended upon for absolute results

must be compared in one case at letist with a standard

of known absolute value.

(4) DiEECT AND INDIRECT PROCESSES. The, Cor-

rection of a scale or of a set of standards usually de-

pends, as we have seen, upon a series of comparisons,

each of which must introduce a certain chance for

error in the result. Standards should evidently be

compared directly with the originals which they are

intended to represent, whenever it is possible to do

so, rather than with copies of these originals. Again,

the two halves of a scale should be compared directly

with one another, not indirectly, by means of the

spaces into which they are subdivided ; see (3). Short

and direct methods of comparison are always prefer-

able, other things being equal, to long and indirect

processes.

It will be seen from (1) that in certain cases the

sum of several weights is more reliable than a single

weight of the same nominal value. In general, how-

ever, each weight in a set is subject to a certain error,

especially when the set has been copied from another

set, or when the weights are worn or corroded. In

such cases the chances for error in weighing increase

4
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in proportion to the number of weights which we

employ. For this reason, as well as for convenience

in manipulation, we make it a general rule to use as

few weights as possible. Further illustrations of the

principles which underlie this rule will be found in

§38.

§ 37. Methods of Subdivision.-'— The subdivision

of a scale or of a set of standards may be carried

theoretically to almost any extent by ordinary metli-

ods of graduation (§ 36) ; but there is always a prac-

tical linait to the process. The smallest quantity

actually indicated by a given instrument is called the

"least count" of that instrument. Errors due to

" least count " may easily arise. Their influence on

a result may be lessened by methods of multiplica-

tion or repetition (§ 39) or by methods of " least

error " in general (§ 38). It is, nevertheless, desirable

that the "least count" of an instrument should be

reduced to the smallest practicable amount.

Even with the best analytical balances, weights

smaller than 1 milligram are seldom employed. The

fractions of a milligram are usually estimated by

means of a "rider" or small weight sliding along a

graduated scale on the beam of a balance. It has

been found similarly impracticable to make use of

standards of electrical resistance less than one tenth

of an ohm. Fractions of the smallest available stan-

dards are estimated in general by methods of inter-

polation (§ 41).

1 References in this edition to the Method of Multiplication or

Repetition should read § 39, not § 37.
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In the measurement of length, there are certain

methods of subdivision by which the least count of a

scale may be greatly diminished without a proportion-

ate increase in the number of divisions. Thus a

centimetre scale 1 metre long, requires for its pro-

duction 100 lines besides the zero ; but if the first

centimetre be divided into 100 parts, we may with

200 lines measure any length less than a metre to a

tenth of a millimetre.

When this method of subdivision is employed, the

application of corrections for errors in graduation

(§ 36) is comparatively simple, since a given measure-

ment can be made in only one way. We lose, how-

ever, the advantage which is sometimes gained by

making measurements in different parts of the scale,

and averaging the results (see § 46). For this reason

the]-e would be an obvious advantage in using a short

movable scale very finely divided, in connection witli

a scale of centimetres. This principle has been ap-

plied in the construction of various sliding-scales or

gauges. It is found, however, impracticable to read

any scale with the naked eye unless the divisions are

at least ^ of a millimetre apart. The use of sliding

scales was therefore very limited until Vernier showed

how, by a slight modification in these scales, compar-

atively accurate results could be obtained. The divi-

sions of a Vernier scale are made nearly but not

exactly equal to one or more main-scale divisions.

A common form of Vernier gauge consists of a

fixed scale in millimetres and a sliding piece with ten

or eleven marks, each nine tenths of a millimetie
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from the next (see Fig. 2). The first of these, num-

bered 0, points out the reading of the instrument, in

millimetres, upon the main scale, just as if there were

no "Vernier." It comes opposite a millimetre mark

only when the reading is a whole number of milli-

metres. In this case the next mark on tiie vernier

(No. 1), being f^ mm. further On, falls ^q mm. short

of the nearest main-scale division ; No. 2 falls -^

mm. short, and so on. Hence if the sliding scale be

moved along ^^ mm., the mark No. 1 will come oppo-

site a mark on the main scale (not the one nearest

the zero of the vernier), and if the vernier is moved ^^
mm. along, mark No. 2 will be exactly opposite still

10
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another mark on the main scale. In the same way

Nos. 3, 4, 5, &c., will come opposite various marks in

the main scale, when the vernier is respectively ^5, -^g,

^, &c., mm. beyond the original position. Obviously

we have only to find the number of the vernier line

which is opposite a line on the main scale (no matter

which) to determine the number of tenths of a milli-

metre between the zero of the vernier and the line

just below it on the main scale.

The same principle holds in the case of any ver-

nier. By a series of steps, easily counted, the spaces

on the vernier gain or lose one space with respect to

the main scale. The reading of the main scale is
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thus practically divided into as many parts as there

are steps in the gain or loss of one space.

It often happens that in comparing the vernier and

the main scale, no two lines are found to be exactly

opposite, so as to form a single continuous line ; in-

stead, two lines are found, which, though nearly con-

tinuous, show, when closely examined, more or less

dislocation. We then estimate by the eye the relative

amount of dislocation in each case* and reduce the

result as accurately as possible to decimals. Thus if

in a vernier the third and fourth lines are equally

dislocated, the reading is .35 ; if the third line is cmly

•CO I -01 ,1 I, -OA r 'i -03 , ' 'i oil

OS }
'i

-06
i' 'l,'07 'J '. -OS

I I

-OJ
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one fourth as much dislocated as the fourth, then the

reading is .32. By reference to the diagrams in Fig.

3, it will generally -be possible to express the reading

of the gauge to hundredths of a millimetre, and with

almost as much accuracy as if the vernier contained

a hundred lines.

The use of a vernier for the subdivision of a scale

is closely related to the method of coincidences

(§ 40), and may be considered also as one of the

various methods of interpolation (§ 41) by which

fractions of the smallest ' available standards are

customarily estimated.
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§ 38. Methods of Least Error.— It is desirable

ill physical measurement that observations should

be accurate ; it is equally desirable that the condi-

tions under which they are made should be favor-

able for the exact determination of results. There

are certain general principles by which experiments

are, when possible, arranged so that a given error in

the observations may cause the least possible error in

the result. Any method in which these principles

are applied may be called a method of least error.

The advantages of direct methods of comparison

have been already pointed out (§ 36). We prefer,

in general, determinations which depend upon the

fewest data, assume the fewest laws, and make use of

the fewest and best-known physical constants. The

present section is devoted especially to the relations

which should exist between physical instruments and

the quantities which they are used to measure.

The delicacy of most instruments is somewhat di-

minished by an increase in the magnitude of the

quantities measured, but not in proportion to this in-

crease. The best results are accordingly obtained

with quantities nearly as great as the capacity of the

instrument will admit. We employ, for instance,

large quantities of a substance in determinations of

specific gravity by means of a balance. On the other

hand, it would be impracticable to measure accurately

the weight of copper deposited (Exp. 81) on an elec-:

trode weighing several thousand times as much

as the deposit in question ; for a balance capable

of weighing the electrode would not be sensitive
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enough for the deposit. While, therefore, it is desir-

able to increase the deposit of copper, the weight of

the electrode should obviously be diminished. We
avoid, in general, determinations of the difference be-

tween two nearly equal quantities depending upon

observations of the quantities themselves. Such dif-

ferences should be measured directly if possible

(§§41,42).

Some instruments are particularly adapted to meas-

uring quantities of a given inagnitude. A tangent

galvanometer, for instance, gives the best results with

electrical currents which deflect it 45°. Let us sup-

pose that when three turns of wire are used, the

needle points to 26° ; with six turns, to 45°
; with 12

turns, to 63°. An error of observation equal to -j- 1°

would give 27° instead of 26°, 46° instead of 45°,

and 64° instead of 63°. Now the results depend

upon the tangents of the observed angles (see Exp.

78). The tangents of 26° and 27° differ (see Table

5) by about 4.4 <^e, and the tangents of 68° and 64°

differ in the same proportion ; but the tangents of

45° and 46° agree within 3.6 %. We should ob-

viously employ 6 turns of wire in preference to 3

or 12.

In making selections or modifications of the instru-

ments which we employ, we must consider, in general,

the nature of the formulae by which the results are to

be reduced. It will be found, for instance, that a

1
(fo

error in a quantity causes an error of about 2 %
in estimating the square of that quantity but only

about I of 1 0^ in the estimation of its square root



640 GENERAL METHODS. [§ 39.

(see § 57). We prefer, accordingly, determinations

depending on roots rather than on powers of the

quantities directly observed. The relative value of

different determinations must be judged, not by the ac-

curacy of the observations, but by that of the results.

The principles of " least error " may require, under

certain circumstances, the use of the method of mul-

tiplication or repetition (see § 39), the method of co-

incidences (see § 40), or the method of reversal or

interchange (see § 44).

§ 39. Methods of Multiplication and Repetition.^—
It would be impossible to weigh a single drop of

water very accurately on a coarse balance ; but if we

knew under what circumstances the drop was formed

it might be possible to produce a thousand drops of

almost exactly the same size, and by finding their

combined weigiit to arrive at that of a single drop.

T^e error in measuring 1000 drops may not be per-

ceptibly greater than in the case of a single drop, and

since in the process of reduction this error is divided

by 1000, we may obtain at least a comparatively ac-

curate result. Tiie use of any means for increasing

the magnitude of a quantity in a given proportion

for the purpose of finding a more accurate measure

of that quantity constitutes in general a " method of

multiplication." The value of su3li methods evi-

dently depends on the accuracy with which a quan-

tity may be reproduced as compared with the accuracy

of a direct measurement.

1 References in tliis edition to tlie Method of Graduation or Cali-

bration should read § 37, not § -39
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We may find, for instance, the weight of mercury

required to fill a capillary tube by emptying the con-

tents of tho tube several times in succession into a

vessel, in which the mercury is collected and weighed.

The same method could not, however, be employed

with water, on account of the considerable portion

which sometimes adheres to the tube.

• The method of multiplication is often used in the

determination of times of vibration ; for it may b^

proved mathematically (see § 111) that successive vi-

brations executed under certain conditions do not

differ by a perceptible amount. The rate of a pendu-

lum should accordingly be determined by a long

series of observations. Such a series may be ex-

tended, by a system of mechanical counting, for days

or even for months. There must evidently be no

break in the series. The method of multiplication is

applicable only to consecutive intervals in the meas-

urement of time.

The method of multiplication is sometimes used

for the estimation or detection of a series of small

impulses given to a pendulum or to a vibrating needle

at the middle point of a swing, so that the effects

may be added together. A large allowance must

sometimes be made for the effects of friction, or other

• causes tending to destroy the motion. For the

" method of multiplication and recoil " see Kohl-

rausch, Physical Measurement, Art. 76.

The method of multiplication is applied in the

construction and use of an ordinary galvanometer or

" multiplier," the object of which is to increase the
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effect of an electrical current in a known or measur-

able proportion. Methods of multiplication are also

applied in the measurement of length.

There are various mechanical devices by which a

body may be moved in a straight line throagh suc-

cessive distances, each equal (or nearly equal) to its

own length. We have an example in the ordinary

method of measuring distances with a Tod or chain.

This is, however, more or less inaccu'rate on account

of the uncertainty of the marks which show where

the ends of the measure are placed. One method by

which greater precision may be obtained is to placfe

a block end to end in front of a measuring rod, then

to remove the rod, to place a second block behind the

first, just touching it, then to remove the first blcjck

and to put the rod in front of the second block.

This process is then repeated over and over until the

length of the rod has been multiplied, oi-, as we say

technically, " repeated," a sufficient number of times.

By this means very long distances may be quite

accurately measured even with a short millimetre

scale. This and similar methods are properly called

"methods of repetition."

Methods of repetition are frequently used in the

measurement of angles. Let us suppose that a given

angle, cut out of thin metal, reaches from the zero of

a circle, graduated in degrees, to a point between 40°

and 41°
; and that by some method of repetition simi-

lar to that just described, the angle is found to reach

from the last point (between 40° and 41°) to one be-

tween 80° and 81°, &c. We should obtain in this



§ 40.] METHOD OF COINCIDENCES. 643

way a series of observations like the following : —
0°, 40° +, 80° +, 120° +, 160° +, 200° +, 240° +,
28.0° +,120° +, 360° +, 401° -^ 441° ^, &c. We see

from any two successive observations that the angle

must lie between 40° and 41°, but we have no means
of estimating the fraction of a degree over 40. If

however, we consider the first and last observations,

we see that the angle must be less then J^ of 441°,

-which gives 40^\ as the superior limit of the angle.

In other words, the angle becomes known within jlj

of a degree. By considering two observations which

differ by 360° (or any multiple of 360°) we escape

from a great variety of errors by which the results

obtained 'With graduated circles are apt to be affected.

A method by whidh we may utilize, not simply the

first and last, but nearly all of a series of consecutive

observations will be considered In § 61.

§ 40. Method of Coincidences. — We have seen

(§ 37) that some lines on a vernier come almost ex-

actly opposite the lines nearest them on the main

scale, while others do not. In the same way, when

any two scales are compared together, cases of more

or less approximate " coincidence " usually occur.

Every fifth inch on an English scale coincides, for

instance, as nearly as the eye can judge, with every

127th division on a millimetre scale. We should evi-

dently prefer to calculate the length of the inch in

millimeti-es from a case of perfect coincidence than

from one where a given number of inches was found

to be greater or less than a given number of milli-

metres by a fratJtion which could only be estimated

by the eye.
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The method of coincidences may be used with ad-

vantage to avoid errors due to " least count "
(§ 37)

in the comparison of any two sets of standards of the

same sort, no matter what kind of physical quantitj'-

they represent. 11 Troy ounces happen, for instance,

to balance 342 grams within a few milligrams. With

two ordinary sets of weights, the smallest of which

are 1 ounce and 1 gi'am respectively, it is possible

accordingly, to find the value of the Troy ounce in

grams within a small fraction of a milligram.

The most important application of the method of

coincidences is, however, in the comparison of inter-

vals of time. Let us suppose that two pendula differ

slightly in their rates of oscillation, so that one gains

slowly upon the other, and that they start together

at a given point of time. After a certain number of

oscillations have been executed by one of the pen-

dula, the two will be swinging in opposite ways, and

again after a given number of oscillations, they will

be swinging the same way. The relative rate of

oscillation may be accurately determined by counts

ing the number of oscillations in question. If, for

instance, the faster pendulum makes n vibrations be-

tween two successive coincidences, the slower pendu-

lum must make n— 1 ; hence the relative rate is n -f-

n— 1. Let us suppose that through an error in ob-

servation n -\- \ oscillations were counted instead

of n ; the relative rate would tlien be estimated as

n-\-l-hn. The error committed would therefore be,

w-f 1 _^ n n^— 1 rii 1

n n — 1 n^— n n^— n n''— n .
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If n is moderately large such an error would be

inappreciable.

§ 41. Methods of Interpolation.— We have seen

that errors due to the " least count " of an instru-

ment may be almost indefinitely reduced by the

methods of multiplication, repetition, and coinci-

dences (§§ 39, 40). Such methods cannot, however,

always be applied. The value of an observed quan-

tity, q, is usually found to lie between two limits,

one A, the other A -\- a, where a represents the

" least count " o)' smallest change which can be pro-

duced in a set of standards. That is, we have—
A-^ a > q > A.

If more precise results are required, we seek some

instrument or indicator by which we may estimate,

relatively at least, the differences between the quan-

tity q and the two nearest values of the standards, A
and A -{- a, with which we are able to compare it.

The sensitiveness of any instrument used as an

indicator may be defined as the number of scale divi-

sions by which its reading changes when the smallest

possible change (a) is made in the standards. We
will first suppose the sensitiveness to be known. Let

the quantity q be compared with the combination of

standards {A) just below it in magnitude, and let the

indicator show a motion of x scale divisions. Then

since « divisions correspond to the quantity a, we

may infer that x divisions must correspond to x s*° of

a, hence the true magnitude of q is—
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In the same way,, if the indicator shows a motion of

y scale divisions when the quantity q is compared

with the combination of sfcanda,Td«/ {A.+ a) j;ust'. above

it, we have—

s «

By comparing this; equation with the last, we see that

a; must be equal to s— 2^' ^r—
x-\-y = s.

The last equation enables us to calculate the sensi-

jtiveness of any indicator from, two deflections, ob-

tained as stated above. The value of s may vaiy

according to circumstances. The special value here

determined is the sensitiveness of the indicator to a

change of the magnitude a in the quantit}' q. The

process of estimating a quantity
(jf) from the relative

differences (x and z/) separating it from two magni-

tudes {A and A \- a) between which it Kes is called

"interpolation" ("putting in between").

We have instances of the method of interpola-

tion when, in the use of a Nicholson's Hydrometer

(Exps. 2, 3, 4), the distances of a certain mark above

or below the surface of the water are used to esti-

mate fractions of a centigram, or when in the use of

a vernier (§ 37), the relative dislocations of two lines

are used to estimate hundredths of a millimetre. The
vernier itself may be considered as one means of in-

terpolation. The use of a " rider " (^ 259) enables

us to determine Weights exactly by intei-polation

even if the weight of the rider be unknown. The
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indications of the. pointer of a balaniCe afford an-

other means of interpolation iiiii weighing (see ^ 20).

The deflections of a galvan^ometei? are simiiaily usjed

(see, Exp. 93) to estimate smalA diffeijeiices between

two opposing electromofeiw foyqes whicih, we seek to

bring into equilibrium.

§ 42. Null Methods. — Most physical quantities

cannot, like sealea of length, be dij'eetly compared

with one another, but. are, measurable only through

the effects which they prod'uee; upon some instru-

ment. Electrical currents, for instance;^ are usually

determined by their action upon tjie needle of a gal-

vanometer. When two effects Jie ip the sanie direc-

tion, they are generally compared by the method of

substitution (§ 43). It, is, however, frequently de-

s:imble to oppose two effes^ts, especially when they are

nearly' equal, in ordeos that the difference betweep

them may be directly measured (see § 38). In

weighing with a balance, the effects of two nearly

equal weights upon the instrument are thus opposed.

Any method by which two effects may be made to

neutralize or annid each other may be, called a null

method.

In electrical measurements, the term "null method"

is usually applied to cases where two equal electro-

motive forces are opposed to one another so. as tp

produce no current through a delicate galYanprneter.

Null methods are charactqiized by the fact that the

conditions of perfect adjustment between the different

parts of an apparatus is shown by the absence of an^

indication on the part of some delicate instrument,.
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Nail methods do not require the use of instru-

ments which indicate the magnitude of the difference

between two nearly equal quantities, although it is

often convenient to employ such instruments for pur-

poses of interpolation (see § 41). It is only necessary

that an instrument should show whether two quanti-

ties are equal or unequal. Being used solely to de-

tect differences, such instruments are sometimes

called "detectors." They take the place of sight,

touch, or hearing (§ 23) with quantities which do

not affect these senses.

There are two principal precautions to be observed

in the use of null methods. One is to make sure

that the instrument employed responds to the slight-

est variation in either of the two quantities which

are compared ; the other is to test the zero of the

instrument (§ 32). Errors may occur, for instance,

from a break or from a cross-connection in the circuit

of a galvanometer; for in this case there will be no

perceptible deflection, no matter how great may be

the difference between the electromotive forces which

are compared together. Again, if the needle of a

galvanometer does not naturally point to zero, it may
require a current to make it do so (see Exps. 89, 90).

We should infer wrong!j' in such a ease that the cur-

rent had been reduced to zero.

Null methods usually depend upon the use of very

sensitive instruments ; but the conclusions which we

draw from them, being founded upon purely negative

indications, must be examined with great care. Null

methods are considered highly desirable on account



§ 4.3.J METHOD OF SUBSTITUTION. 649

of their precision, but they need in general some

kind of confirmation.

§43. Method of Substitution.— The "method of

substitution " is the fundamental method for testing

any result the accuracy of which is questioned. It

IS so called because a known quantity is substituted

for an unknown. Thus if the resistance of a wire

has been found by means of any electrical combina-

tion sensitive to variations in resistance (Exps. 86, 87)

to be equivalent to 10 ohms, we have only to substi-

tute for it a resistance known to be 10 ohms to find

whether there is or is not any errqr in our work.

The scale of a densimeter (Exp. 15) may be tested

by substituting a liquid of known, for one of unknown

density, or the indications of a volt-meter (Exp. 96)

by substituting known for unknown electromotive

forces. The method of substitution is often used

where no other is possible, as in Experiments 2, 3,

and 4. It depends upon the principle that two quan-

tities must be equal if they can be substituted one

for the other without affecting a combination sen-

sitive to variations in the magnitude of the quanti-

ties in question. Evidently the known and unknown

quantities thus compared should be as nearly equal

as possible.

In the method of substitution, as in null methods

(§ 42), we must make sure that the instrument which

we employ is free to move, since otherwise very un-

equal quantities might apparently produce the same

effect upon it. The "zero-error" of an instrument

(§ 32), and instrumental errors in general (§ 31), are



650 GENERAL METHODS. [.§44.

usually eliminated by the methgd of substitution:.

Borda's method of weighing is to eounterpoise accu-

rately an unknown weig^hb. in one pan of a balance

with mateiiiil of any sort in the o-ppoaite pan, then to

substitute known, weights for the unknown until an

exact balance is again established. In a similar

manner, when, in electrical measurements, n.ull

methods (§ 42) are employed, it is well to test the

accuracy of the results by substituting known for

unknown quantities. The use of the metliod of

substitution in combination with null methods is

the most general way of obtaining both acouraoy

and precision in physical measurement.

§ 44. Methods of Interchange and Reversal. ^^ In

the ordinary method of double weighing (see Exp.

8) an unknown weight is first, placed in the left-hand

pan of a balance, and a known weight in the right-

hand pan. Let us suppose; that the former is greater

than the latter by a small amount, which is sufficient

to send the pointer of the balauce x divisions to the

right of its natural resting-point. The unknown

weight is next placed in the right-hand pan, and the

known weight, in the left-hand pan. The pointer

will evidently move about x scale divisions to the

left of its natural resting-point. The total move-

ment produced by interchanging the weights will

therefore be about 2 x scale-divisions. If, how-

ever, the unknown weight were exactly counter-

poised, the substitution of the known weight for it

would cause a motion of the pointer through only a;

scale divisions. It is easier, accordingly, to detect
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a difference between, two weights by the method of

interchange, thaa hy the; method, of substitution

(§43).

The method of interchange is generally used in

connection with nuU methods of comiparison (§, 42)

when, reversible instrwnents are employed. Whatever

may be the difference between the two. nearly equal

quantities thus compared,, its effect upon a reversible

instrunaient is, doubled, by interchanging these quan-

tities. For this reason the method of interchange,

when applicable, is always preferred to tjie, method

of substitution.

A similar method is employed in case of reversible

instruments iu general. Thus an electrical current

which deflects a galvanometer needle x? tO' the east

of north, should if reversed deflect it x° to the west

of north. The needle is thus, moved, by a reversal

of the current, through 2 x°. Since an angle of 2 a:°

can be measured as accuratelj'' as an angle of x°, the

method of reversal has to a certain extent the ad-

vantage of a method of multiplication (§ 39). In the

methods of interchange and reversal " zero-eri-ors

"

are eliminated (§ &2), for the increase of one reading

due to an error in the zero will be nearly offset by a

decrease in the reveirsed reading. Methods of rever-

sal are always, when practicable, employed.

§ 45. Check Methods. The methmls of substitu-

tion and of reversal are instances of check methods.

In physical measurement, as in arithmetic, an indefi-

nite number of such methods may be devised. The

use of check methods is not, however, limited to such
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as yield accurate measurements. We often find an

advantage in checking results which we believe to be

precise, with others obtained by different methods,

which we consider comparatively unreliable. It is

in this way, principally, that gross mistakes are dis-

covered, such as are otherwise likely to be repeated

over and over. But the use of check methods is

also important in the detection of smaller errors.

Even if a method is uncertain, there is probably

some limit to its inaccuracy, and if tlie results fail

to agree with those of a different method by an

amount greater than this limit, we are led immedi-

ately to suspect an unknown source of error in one

of these methods. The densimeter, for instance

(Exp. 15), though not nearly so exact as the specific

gravity botlle (Exp. 14) should be accurate at least

within 1% : hence if the results differ by more than

1% we at once repeat the determination with the

specific gravity bottle. On the other hand an agree-

ment of the two results within 1 % indicates the ab-

sence of gross mistakes in either determination.

Whenever the results of check methods, however

rough, agree with previous results as closely as may

be expected, there is always a certain degree of mu-

tual confirmation. It should be remembered, how-

ever, that a check method is such only in so far as

it makes use of different data, different constants,

different instruments, and different laws or principles

from those already employed. Accuracy in physical

measurement is generally obtained onlj' when every

possible variation has been made in the conditions of
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an experiment, the results compared, and the differ-

ences between them explained.

§ 46. Method of Averages.— When finally all pos-

sible care has been taken to avoid sources of constant

error, and to increase the accurac}' of determinations,

there remains one general method of escaping from

what are known as accidental errors (§ 24), or those

which tend sometimes to increase, and at other times

to diminish, the result. This metliod is simply to

take a great number of measurements, and to find

the average. It is not likely, for instance, that in ten

observations all should by accident be greater, or all

less, than in the long run ; in fact, the chances are

more than one thousand to one against it. It is much

more likely that three or four should be affected one

way, and the rest the other way. In fact, we must

expect that the errors due to chance shall to a cer-

tain extent offset one another. The consequence

is that the average of several observations is more

reliable than any one alone. J'or a discussion of

the advantages gained by taking the average of

several observations, see § 51.

§ 47. Allowance for Errors.— We have considered,

so far, the principal methods by which errors may be

eliminated from physical measurement. There are,

however, certain errors which cannot thus be avoided.

The effect of some of these may be submitted to cal-

culation. The buoyancy of air, for instance, is com-

puted and allowed for in all accurate Vireighings (§ 67).

There is another class of errors which cannot be cal-

culated in this way from data already in our posses-
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sion. The causes ifirom wbich such errors arise may

require separate investigation. Thus the beat lost

in traiisfen'ing a hot body from one palace to another

can be estimated only by comparing results of di^f-

feren't experiments (see Part I. ^^j 93, 94).

No single observer can expect to discover all the

sources :of error which are likely to arise in measuTC-

ments. Our knowledge of the corrections which

are to be applied in the determination of ^a gi-ven

physical quantity is one of slow historical .growth.

It is necessary to refer •continually to -examples which

have stood the test of long criticism. At the same

time, each observer must be on .the alert against new

sources of error. The slightest alteration in the

conditions of an experiment may entirely change the

nature of the corrections to be applied.

Errors of greater or less 'magnitude are sure to

creep into our work notwithstanding every possible

effort to avoid them. The student is advised not to

pay too close attention to line corrections, lest in so

doing he may overlook others of much greater im-

portance. It is a well-known fact that the accuracy

of results is apt to be grossly overestimated (see In-

troduction). Sufficient allowance for errors is seldom

if ever made.

The application of corrections to the results of

physical measurement must be considered separately

in connection with each experiment or class of ex-

periments. The discussion of errors and corrections

belongs perhaps to the "Reduction of Results"

(Chap. IV.), rather than to " General Methods'" of
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measurement. The student mnst not, however, for-

get tbaJt a just allowance for errors constitutes one of

the most importamt parts of an accurate physical

meastaement.

§ 48. standard of Accuracy.— The distinction be-

tween accuracy and precision ^has-been pointed out

in the Introdudtion. One generally knows by ex-

perience, roughly at least, what degree of accu-

racy is attainable with a given ijatstrument. Thus

a weighing with ordinary prescription scales will

doubtless be accurate to centigrams, but mot to

milligrams ; temperatures taken with a common

laboratory thermometer are reliable to degrees, but

not .generally to tenths of degrees ; lengths may

be true to hundredths, but not perhaps to thou-

sandths of a centimetre. From such data we may

generally estimate roughly the degree of accuracy

attainable in the final result. AD parts of a meas-

urement should be made with a corresponding de-

gree of .accuracy.

:Let us suppose, for instance, that it is desired to

determine the density of alcohol at a given tempera-

ture (e. g. 20°) within a few hundredths of 1 % by

means of a specific gravity bottle (see Exp. 14) of

about 100 cu. cm. capacity. To 'do this, the weight

of water and the weight df alcohol required to fill

the bottle must be determined within a few centi-

grams ; *he temperature of the water must be known

within about 1" (see Table 25), and that of the

alcohol within a few tenths of 1° (see Table 27).

The real difficulty in this experiment consists ac
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cordingly in the accurate determination of the tem-

perature of the alcohol,— a point to wliich the stu-

dent's attention needs generally to be directed. An
accurate reading of the barometer would be wholly

out of place in such a determination, since an

error of several centimetres (see Table 22) would

scarcely affect, the last significant figure (§ 65) in

the result.

§ 49. Distribution of Time.— Time is often mis-

spent in the exact determination of quantities wliich

have comparatively little influence in the result.

Thus the correction for atmospheric pressure seldom

affects the decigrams in a weighing, and ordinary va-

riations make only a few milligrams' difference in the

result. It is therefore unnecessary, in many experi-

ments, to read a mercurial barometer closer than to

millimetres, much less to correct it for variations of

temperature, for capillarity, or for the tension of mer-

curial vapor. A double weighing, with a rough al-

lowance for the buoyancy of air, takes about the

same time as a single weighing with the exact cor-

rection, and is, with rough balances, decidedly to

be preferred.

When a measurement depends on several deter-

minations of about the same degree of precision, we
generally devote an equal amount of time to each

;

but if we can see that the result will be affected by

the errors in one case more than in another, the num-
ber of observations is increased m proportion. Thus

in the determination of the volume of a cylinder from

its length and diameter we take twice as many ob-
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servations of the latter as of the former, because the

diameter occurs twice as a factor, while the length

occurs only once in the calculation of the result. A
fuller discussion of this principle will be found in

Part IV.



CHAPTER" IV.

REDUCTION OF RESULTS.

§ 50. Probable Error.— When several observations

of a given quantity have been made, their " probable

error " may be found roughly by the following rule

:

throw out alternately the highest and lowest values

until only a majority remains ; take half the range

of that majority as the probable error of a single

observation.

Thus from the ten following observations of the

boiling-poiiit of alcohol—
78°.79 78°.33 78° 02 780.93 78°.46

78°.67 78°.0a 78°.81 78°.43 78°.56

we have, throwing out 78°.93, 78°.00, 78°.81 and

78°.02, a majority of six, ranging from 78°.33 to

78°.79, that is, through 0°.46. The probable error of

a single observation is therefore about 0°.23.

In saying that the probable error is 0°.23, we do not

mean that this error is more probable^than any other,

0°.20 for instance. We mean simply that in the long

run more than half the errors will probably be less

than 0°.23 (see Table 7), and hence, as some errors

are positive and others negative, that a majority of

the observations will be scattered through a range not
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exceeding 0°.46. This is evidently the case if the

observations above are a fair sample of those which

would be obtained in an extended series.

§ 51. Probable Error of an Average. — To find the

probable error of the average of several observations,

we divide that of a single observation by the square

root of the number of observations.

Thus if the probable error of a single observation of

temperature is, as in the last section, 0°.23, that of the

mean of ten observations is 0°.23 -r- /y/lQ, or less than

0°.08.

The relation between the probable error of an aver-

age and that of a single observation is established by

the theory of the combination of errors as explained

in Part IV.

§ 52. Probable Error of a Result. — The probable

error of a result can be calculated if we know that of

each datum upon which it depends, as will be ex-

plained in Part IV. It is often, however, less labo-

rious to work out several independent results, the

probable error of which can be found by inspection, as

shown at the beginning of this chapter. Thus instead

of calculating the density of a block (in Experiment 1)

from its average weight, length, breadth, and thick-

ness, we may use each measurement of length, breadth,

and thickness for a separate calculation, and average

the results. In all such cases the probable error

should be determined.

§ 53. Representation of Probable Error. — The aver-

age of the ten observations of the boiling-point of

alcohol mentioned in § 50 is 78°.50 ; the probable
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error of this average as found in § 51 is 0°.08. We
say, accordingly, that alcohol boils (probably) at

78°.50 ± 0°.08.

In the same way the probable error of any result is

often written after it with the " plus - or - minus "

sign.

§ 54. Notation.— It is convenient for many reasons

to express results in units of such magnitude that

the probable error may lie below the decimal point.

When no such units exist, we introduce as a factor

10 raised to the necessary power. Thus the mechani'

cal equivalent of the unit of heat is not written

41,660,000 ergs, but 41.66 megergs, or 4.166 X 10'

ergs.

In this notation we escape any possible confusion

between ciphers which are the result of actual meas-

urement and those which we are obliged to use from

the necessity of the case.

Ciphers are used in physical measurement at the

end of a decimal as freely as anj' other figure. Thus

the average of ten observations in the last section was

written 78°.50. The cipher informs us that the aver-

age was between 78'.495 and 78°.605. Without the

cipher we should infer simply that the average was

between 78°.45 and 78°.55. The jexistence of a cipher

in the last decimal place has therefore as much signifi-

cance as that of any other figure. The question how
many figures it is advisable to retain is discussed in

the next section.

§ 55. Significant Figures.— In arithmetic any num-

ber of figures ma,j be significant. In physical meas-
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urement those figures only are significant to the left

of which the probable error does not extend.

Thus, in the observations at the beginning of this

chapter, the degrees and tenths are significant, but

the hundredths are not, because the probable error is

0°.23. In the, average of the ten observations, the

hundredths, also, are significant, since the probable

error is 0°.08. One figure is generally enough to de-

scribe the probable error. The place which this fig-

ure occupies is the same as that of the last significant

figure.

It is customary to retain only significant figures

either in an observation or in a result. Some author-

ities use two or more places affected by probable error.

When the probable error is stated, there is no objec-

tion to this practice. Otherwise it is equivalent to a

false pretension to accuracy.^

§ 56. Use of Significant Figures.— Labor is saved in

physical reductions by using only significant figures.

The rejection of subsequent figures is not found in

practice to impair the accuracy of the result. In de-

ciding how many places to retain, the following ap-

proximate rules may be of assistance :
—

1st. In addition or subtraction, retain
,
the same

number of decimal pla,ces throughout,— as many as

are significant in the least accurate of, all the terms.

2d. in multiplication or division, retain the same

number of figures throughout,— as many as are sig-

1 The student is cautioned in particular against cases where the

result of some mathematical process is to generate an indefinite num-

ber of figures. It is true that a metre is about SJ feet ; but it -vfould

be misleading to state that it is about. S.33333, etc., feet.
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nificant in the least accurate of the factors,— not

counting, of coui'se, initial ciphers.

£d. In logarithmic work, use as many decimal

places as there are significant figures in the least ac-

curate of the arguments.

Thus in weighings with a balance accurate only to

a fraction of "a centigram, we carry out corrections

only as far as the milligrams. Again, in calorimetiy,

where results are often proportional to differences of

temperature less than 10° and accurate only to tenths,

these results seldom contain more than three signifi-

cant figures, and corrections not affecting the third

figure may be disregarded.

§ 57. Rules for Appro:ximation. — A great deal of

time is often saved by applying rules which give ap-

proximate but not rigorously accurate results. Thus

to add 1% or 2% to a,nj quantity corresponds nearly

to adding twice that per cent to the square of that

quantity, three times that per cent to its cube, half

that per cent to its square root, or to subtracting the

original per cent from its reciprocal. The truth of these

assertions will be seen by reference to Table 2.

It is obviously the same thing to add a certain per

cent to a quantity as to add it to a product in which

that quantity occurs as a factor ; and nearly the same

thing, if the per cent is small, as to subtract it frcm a

quotient obtained with the quantity as a divisor.

One of the most valuable rules for approximation is

that used in finding the product of several quantities,

each nearly equal to unity. Instead of multiplying,

we add them together. The resulting decimal is ap-
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proximately the same. Since the product cannot be

far from unity, the figure in the unit's place is easily

supplied.

Thus if the ratio of the arms of a balance is 0.99996,

the correction for the use of brass weights in air

0.99984, for the buoyancy of air on water 1.00122, and

the space occupied by 1 gram of water is 1.00175, the

volume of water is found by multiplying its apparent

weight by the factors 0.99996x0.99984xl.00122x

1.00175. The product found by the ordinary laborious

process is 1.0027715+, or, to five places of decimals,

1.00277. The same decimal is found by adding the

four numbers together.

The arithmetic mean (or half-sum) of two quanti-

ties differing by less than 2% may usually be substi-

tuted for their geometric mean (or square root of

their product) which is harder to calculate.

It will be noticed in Table 3, 6, a, d, and e, that the

sine, tangent, arc, and chord of small angles are ap-

proximately equal. It is frequently useful to substi-

tute one for the other. It is also seen that the cosine

of a small angle is nearly equal to unity, so that the

difference may often be disregarded.

The above rules for approximation may be applied

without injury to all results which are not expected

to contain more than four significant figures, pro-

vided that the corrections do not exceed 2^ nor the

angles 2°.

§ 58. Use of Tables. — The reductions in physical

measurement are often facilitated by the use of tables.

There are two kinds of these : one in which the quan-
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tity sought is given in terms of a single argument ; the

otlier wheve it is given in terms of two arguments.

The first kind is readily understood by any one who

has used logarithms. In one column, generally at the

left of the page, we find the argument ; in the next

column, the corresponding values of the quantity

sought. Generally, however, there are ten such col-

umns on the same page. The argument is not printed

at the left of each column, but, to save space, the last

figure of it is at the head of the column and the rest

at its left in the first column on the page. The num-

bers 0, 1, 2, 3,4, .5, 6, 7, 8, 9 at the head of different col-

umns usually indicate a table of the first kind.

When the argument lies between two values in the

table, we cannot directly find the quantity which we

seek. We have to make use of interpolation, the

rules for which need hardlj' be explained.

Interpolation depends upon the principle that slight

differences in any quantity are nearly proportional to

the corresponding differences in its argument, and

upon the application of the rules of simple proportion

to the differences in question.

The second kind of table is similar to the first, only

that at the head of the different columns is Contained

a second and independent argument upon which the

quantities in the body of the table also depend.

Thus the density of air at different pressures and

temperatures is contained in Table 19. We follow

the line corresponding to a given pressure until we
reach the column corresponding to the given temper-

ature, and there find the density in question.
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Interpolation in such a table is more clifiBcult than

in one of the first kind, because the variation due to

both arguments must be taken into account, as ex-

plained in ^ 153. Interpolation is, however, unne-

cessary when the quantities are, as in Table 2Q, close

enough together, or where only a rough value is

required.

§ 59. Graphical Method.— Co-ordinate paper (that

is, paper ruled in small squares) is useful in many ex-

periments, both for representing results so that any

gross error is visible to the eye, and for purposes of

interpolation. At the left of the paper there is usu-
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weights floated by a Nicholson's hydrometer. The

correspondence of two vahies is represented by a point

opposite the two values in question. Thus in Fig. 4,

A represents that at 30° the hydrometer floats 30.1

grams ; B, that at 20° it floats 30.4 grams ; C, that

at 10° it floats 30.6 grams. The dotted line ABC
drawn with a bent ruler thus supplies an indefinite

number of approximate values. To find the weight

floated at 15°, we find a point P opposite 15°, and

then a point Q opposite P- The answer is 30.52

grams. In the same way the relation between any

two quantities can be represented by points, and in-

termediate values found.

§ 60. Use of Rough Methods.— It is always prudent

to revise any reduction involving much numerical work,

applying the various tests which arithmetics contain.

It is, however, easier to reason clearly about small

quantities than about large ones, since the former only

can be carried in the head. Mistakes in reasoning can

often be discovered by rough mental processes when

no error can be detected in the figuring.

Thus, if the buoyancy of air relieves water of a little

more than a thousandth part of its weight, 50 grams

will lose a little over 5 centigrams. If we find that we

have introduced a correction of 6 decigrams or 6 milli-

grams, we at once detect the mistake.

^ The use even of rough tables, when they can be

found, is a very convenient check upon numerical

work. When a multiplication runs into the millions,

logarithms will be useful,— not always, however, five

places. Gross errors are most easily detected by loga-
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rithms oanied out only to a single place of decimals,

the whole attention being placed upon the character-

istic. It is thought advisable in physics to use negative

characteristics in preference to subtracting from 10.

The student may be reminded that a most serious and

at the same time a most common mistake in calcula-

tion is the misplacement of the decimal point.

§ 61. Keduction of Consecutive Observations. — In

§ 38 we obtained the following series of angles : 0°,

40°+, 80°+, 120°+, 160°+, 200°+, 240°+, 280°+,

320°+, 36Q°+, 401°—, and 441°— ; the first and last

give us a difference of 441° — , indicating less than

^^iV ^°^ *^^^ angle ; the second and next to the last

give less than 40^°, but the 3d and 3d from the last as

well as the 4th and 4th from the last give each 40°-

The average of these four results is 40^g°, or 40°.05

nearly.

Again, the 1st and 9th, the 2d and 10th, the 3d and

11th, and the 4th and 12th give respectively 40°+,

40°, 40|-° —, and 40^°— ; the average of these four

values is 40^lg-°, or 40°.06 nearly. Either of these

methods of reduction is accurate enough for the

measurements in question. In each case the 5th,

6th, 7th, and 8th observations were omitted. By

using them we could have obtained two more pairs

of observations ; but the shortness of the interval

between them takes off from their value. The prob-

able error of the result would actually be increased

by treating them as we have the others. It is gene-

rally advisable to omit in this way the middle third

of a series of consecutive observations.
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There is a third way of reducing consecutive inter-

vals against which ' the student must be cautioned.

The differences between the 1st and 2d, the 2d and 3d,

etc., are in 10 cases 40°, in one 41°. There is a com-

mon fallacy to the effect that the average of these,

40jij°, makes use of all the observations. It is easy,

however, to see that in taking the average we must

first add the intervals together, and that we shall ob-

taia as a result the interval between the 1st and 12th

observations, since the whole is equal to the sum of all

its parts. We subsequently divide by 11, but the

result depends solely upon the 1st and 12th, and not

in any way upon the intermediate observations, the

value of which is therefore completely lost.

This method of averaging consecutive intervals

should be accounted a serious error, not simply be-

cause it is unnecessarily laborious, but because of the

self-deception which it involves.



CHAPTER V.

HYDKOSTATICS.

§ 62. Pascal's Principle. — From experiments in

weighing Kquids we might infer that their weight

exerted simply a downward action. By immersing

a preSsure-gauge 1 in any liquid we find, however,

that at a given depth the liquid exerts an equal force

upon it in all directions, whether horizontal, vertical,

or oblique, whether up or down. The same in-

strument shows that when a fluid is at rest the

pressure is the same at all points on the same level.

If this were not so, a perfect fluid would evidently

be unable to remain at rest. Conversely, all points

in a stationary liquid which are subject to a given

pressure are found on a given level.^

§ 63. Hydrostatic Pressure. —- If we have a column

ofliquid in a tube with vertical sides which it cannot

cling to, the whole weight of the column must rest

upon the bottom of the tube. Let the tube be 1 sq.

cm. in section ; then the weight of the whole column

1 For the construction of such a gauge see Descriptive list of Ex-

periments in Elementary Pliysics, 1889, Exercise 5. This experiment

is 4ue to Professor Hall.

^ When (see Fig. 60, page 127) the air-pressure is greater on one

part of a liquid surface (c) than on another (b), the liquid stands at

unequal heights in two parts of the apparatus, but if the air-pressure is

the same it stands at the same level in both places (Fig. 61). That part

of a liquid in a U-tube vphich lies below a given level transmits or com-

municates pressure along this level without increasing or diminishing it.



670 HYDROSTATICS. [§ 64.

rests upon a surface 1 sq. cm. in area, and the pressure

in dynes per sq. cm. is numerically equal to this weight

reduced to dynes. -The weight of the column is evi-

dently the product of its volume in cu. cm., the

density (or weight of 1 cu. cm. in grams), and the

intensity of gravity (or weight of 1 gram in dynes) ;

and as the tube has a unit cross section, the volume

is numerically equal to its height. The hydrostatic

pressure (that is, the pressure of the liquid per unit

of area) at the bottom of a tube is therefore the

product of the depth and density of the fluid and the

intensity of the earth's gravitation. It is clear that

the size of the tube makes no difference, for in a tube

of twice the cross-section wc should have twice the

weight distributed over twice the area, and the pres-

sure per sq. cm. would be the same. Since pressure

is the same in all directions, we may therefore state

as a general principle that pressure increases; with the

depth.

§ 64. Principle of Archimedes.— Suppose we sus-

pend a solid in a fluid. The pressure on -the solid

will of course be greater the more we lower it into

the fluid, but the pressure on the bottom of the solid

will always be greater than on the top ; hence the

fluid will buoy up the solid more or less. One can

calculate the amount of this buoyancy by the princi-

ples which have already been stated if the shape of

the solid is not too complex, but there is a much
simpler way of arriving at the result. Imagine the

solid out of the fluid, and its place filled by a separate

portion of that fluid, having the same shape and
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bounding surfaces as the solid. The pressures on

this new portion of the fluid must be the same as on

the actual solid, because the surfaces and their depths

are the same ; but the forces produced result simply

iu holding the fluid i|i place, hence their resultant is

equal and opposite to the weight of a portion of the

fluid equal to the solid in bulk. This principle is

known by the name of its discoverer, Archimedes,

(287 to 212 B. c), and may be thus stated : a solid

immersed in a fluid is buoyed up by a force equal to

the weight of the fluid displaced. The difference

between the weight of a body and the buoyant force

of a fluid in which it is submerged may be called the

effective weight of the body in that fluid.

§ 65. Buoyancy of Air. — According to the princi-

ple of Archimedes just explained, a body loses weight

in air just as it would in any other fluid. Seven

grams of brass displace, for instance, about five-sixths

of a cubic centimetre of air ; that is, about one milli-

gram, or one 7000th of their nominal value. Bodies

weighed against them also lose in weight according to

the amount of air displaced. Ordinary weighing con-

sists, therefore, in a comparison of effective weights'.

The number of grams which balance a body in air is

called its apparent weight in air. If, however, the

body is in water (the weights being as before in air),

we find what is called the apparent weight in water.

The effective weights in air or in water can always

be found roughly from the corresponding apparent

weights by subtracting, for reasons above explained,

one part in 7000 from the nominal values of the brass
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weights. The exact correction is given in § 67. Only

apparent weights are obtained by Nicholson's hydrom-

eter, by the hydrostatic balance, or by the specific-

gravity bottle.

§66. Apparent Specific Gravities. — It is obvious

that in weighing a body first in air, then in water, as

in Experiments 2, 3, and 4, or 8 and 9, we find first

the apparent difference between the weight of the

body and that of an equal bulk of air, and second,

the apparent difference between the weight of the

body and that of an equal bulk of water. Subtract-

ing the latter from the former we have the apparent

difference of weight between the water and air dis-

placed, or what is the same thiug,^ the apparent

weight in air of an equal bulk of water. The ratio

between the apparent weight of a body (in air) and

that of an equal bulk of water (in air) is called the

apparent specific gravity of the body. Without cor-

rections for the buoyancy of air, we can obviously find

only apparent specific gravities.

§ 67. Correction of Apparent Weights. — Given the

apparent weight of a body in air and in water, we

usually proceed as follows : Fii-st calculate by sub-

traction the weight of an equal bmlk of water, as

explained in § 66. Multiply this by the space ap'

parently occupied by 1 gram (see Table 22) to find

the volume in question. This is obviously equal to

the number of cm. em. of air displaced by the sub-

stance. Multiply it, therefore, by the weight of

1 This holds strictly for effective weights from the principle of

Archimedes; hence also for apparent weights, to which the former

are proportional. See § 65.
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1 ew. cm. of air (see Tables 19 and 20) to find the

weight of air displaced. Next multiply the weight

in grams of the b^,d;y in air by the weight of air dis-

placed by 1 gifam of brass (Table. 20, A) to find the

weight, of air displaced by the brass weights. Sub-

tract the latter from the apparent weight of the body

in air to, find it's effective weight in air (§§ 64, 65).

Add to this the weight of air displaced by the body

to find its true, weight in vacuo.

When th© density of a substance is approximately

known, either by reference to Tables 8-11, or from

an actuial determination of its apparent specific grav-

ity, we may at, one© reduce its ^.pparent weight to

vacuo by applying the appropriate coefficient from

Table 21.

The apparent weight, of a liquid, obtained either

by methods of displacement or by the specific gravity

bottle, must be reduced to vacuo, like any other ap-

parent weight, starting with either (1) the volume, or

(2) the density of the liquid, or (3) with the weight

of an equal bulk of water. The appai'ent weight

of a bodj/ in a liquid needs, however, to be corrected

only, as has been explained above, for the buoyancy

of air on the brass weights by which the body is

counterpoised.

§ 68. Correction of apiparent Specific Gravities. -—

To find the density of a body, we first find, as ex-

plained in § 67, the volume of the body from the ap-

parent w-eight of water displaced, and second the

•weight of the body in. vacuo. The weight in vacuo

is then simply divided by the volume to find the true
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density of the substance at the given temperature

and pressure.

In case we have given, as in Experiment 13, not the

apparent weight of water displaced by a solid, but

that of some other fluid of known density, we may

divide the corrected weight of the fluid, in vacuo, ob-

tained as above, by the density of the fluid, to find

the space occupied ; or we may divide its apparent

weight by its apparent specific gravity, if we know it,

to find the apparent weight of an equivalent bulk of

water, and work out the result as before.

We notice that, in reducing apparent specific grav-

ity to density, we apply to the numerator of a fraction

a factor from one table, and to the denominator a

factor from another table. The same result, essen-

tially,^ may be obtained (see § 57), by a single process.

Subtract the factor in Table 22 from that in Table 21,

multiply the apparent specific gravity by the algebraic

difference, and apply the correction thus found. The

diff'erence between density and specific gravity is

usually less than one per cent.

§ 69. Density and Specific Gravity distinguished. —
Specific gravity is defined as relative density. Hence

density bears to specific gravity (referred to water) the

same ratio that the density of water bears to unity.

(See Table 25.) By the specific gravity of a sub-

stance at a given temperature, we understand, in

the absence of any statement to the contrary, the pro-

portion between its weight and that of an equal bulk

^ Results thus reduced show a slight error, usually confined to the

sixth place of decimals.
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of water at the same temperature. It is understood

also, unless otherwise stated, that both bodies are under

atmospheric pressure (76 cm.). Specific gravities of

gases, however, are often stated with respect to hy-

drogen or air at the same temperature and pressure.

Specific gravities are also referred to water at its tem-

perature of maximum density. Having accepted the

value 1.00001 for the maximum density of water, we

see that such specific gravities are less than densities

by an amount (10 parts in a million) which is small

compared with the probable error of observation.

§ 70. Calculation of Difference of Density.— Since

density, D, is the quotient of mass, M, by volume,

V, or

V
two bodies having the same volume, V, densities

2>i, 2>2, and masses M^, M^, have a difference of den-

sity equal to the difference in their masses divided by

the volume, that is,

Hence we may find the difference in density between

two liquids or two gases (as in Experiment 18) from

the difference in weight of a flask of known capacity

filled first with one, then with the other. It is obvious

that in weighing a flask filled first with air, then with

a liquid (as in Experiments 11 and 14), we might deter-

mine in this way the difference of density between

the liquid and air, and that by. adding to this result

the density of air, D^ (from Tables 19 and 20), we
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should find til& density, B,^^ of the liquid in q-ueslioB;

;

that is,

2 1 y
When the substance weighed is (as iij Experiment

18). lighter tha,n air, the, difference of density may be

coBsidered negative, and must be subtracted numeri-

cally from th§ den,sity of air as indica,1;# by the

formula identical witji the above,

2 1 Y
§ 71. Accuracy of Meteorological Instruments. The

density of the atmosphere is found to affect all delicate

weighings. For many purposes it is sufficiently accu-

rate to assume a mean density of 1.2 mgr. to the cubic

centimetre ; ^ but for the. most accurate determinations

we need to correct it for teipperatuje, pressure, and

humidity. The correqtiiqns are so slight t|iat a rough

estimate is sufficient for this, course of measurements,

and hience we may accept provisionally the indications

of such weather instrum;ents as may be found in the

laboratory. We shall learn, later on, the means of

detecting errors, in, these indications, and shall expect

to prove that these errors have not perceptibly affected

our results.

In place of the ordinary vvreathej; instrun?ents,, we

may employ a, sejcisitive; baroscope, or barodeiJfi, con-

sisting of a hollow cylinder which has been counter-

poised in vaauo, agair^s,t a weight occupying say 1000

1 The probable error under this assumption may be estimated as

between 1 part in lOjOOO and 1 part in lOOjOOO.
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CM. cm. less space than itself. Th'e apparent difference

6f W'fi-ight between tke hollow cylinder and its coun-

terpoise indicates at once the actual density of the

atmosphere.

§ 72. Accuracy of Grain-WteiglitS'. We must choose

between accepting such copies of the gr^m as are at-

tainable, arad determining independently the weight of

a cubic centimetre of water. Experience shows that

weights can be copied (and that they generally are

copied) with a very great degree of precision, while it

is comparatively difficult to copy standards of length,

and still more difficult to reproduce them.^ There is

also more or lesS Uncertainty as to the temperature at

which a cubic celitimetre of wiater may be assumed to

weigh oiie gram' (see § 6 and Table 25), and it is by no

means easy to find the wteight of a cubic centimetre of

water with any degree of precision. It is, moreover,

important to express our results in conventional units.

For these reasons we prefer to accept a set Of gram-

weights, provided, however, that we are not able to

detect any gross error in them by such means as are in

our power.

§ 73. The Density of 'Water.— On account of the

inaccuracy of our standards of length we are unable

to determine the volume of a body very accurately

from its length, breadth, and thickness ; and hence we

cannot find its density absolutely, as in Experiment 1,

with any degree of precision. The same inaccuracy

affects the volume of water which such a body dis-

1 The error in the original determinations was nearly a tenth of one

per cent. (See § 5.)
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places, and hence also the density of water, which is

found by comparing the weight and volume displaced.

We prefer, therefore, to accept the results of a great

number of determinations (see Table 25) rather than

any rough measurements pf our own, and we make

use of this table of density for testing or correcting

our standards of length, and not of our standai-ds of

length for the determination of a new table of densi-

ties. It is thought that measurements of length cor-

rected in this way will be nearer the conventional

standard than those depending directly on such rough

copies as are found in the market. The approximate

agreement of our actual standards of length and mass

is the first of a series of tests to which these standards

must be subjected, and through which, finally, any

gross error in either is sure of detection.



CHAPTER VI.

HEAT.

§ 74. Temperature.— Temperature is believed to

depend upon the vibration of the molecules of which
a body is composed, and hence be akin to what we
call heat. Temperature is not, however, heat, but the

state of saturation with heat which determines, under

certain conditions, whether heat will be imparted or

absorbed. Bodies which can communicate heat to

others are said to have a higher temperature. Two
bodies in contact are said to have the same tempera-

ture when no heat flows from one to the other. It

is found that two bodies at the same temperature as

a third are themselves in thermal equilibrium. Heat

corresponds in a certain sense to quantity, temperature

to intensity of vibration (see § 84). The temperature

of a gas is seen from its nature to be intimately

connected with pressure ; for pressure is explained as

the effect of the perpetual bombardment of the mole-

cules against the sides of a vessel which contains

them.

§ 75. Absolute Zero. — We must distinguish the

absolute zero of temperature from that which we have

provisionally adopted. At the absolute zero, the par-
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ticles of a body are supposed to be at rest. Gases

therefore exert no pressure at this temperature, and

occupy no space, save that which their molecules take

up when closely packed together.^ The absolute zero

must be the same for all bodies, since when their heat

is wholly taken away they cannot communicate any

from one to another, and hence have, by definition, the

same temperature. There is reason to believe that the

absolute zero of temperature is, on our provisional

scale, about 273° centigrade below the freezing-point

of water.

§ 76. Absolute Temperatures.— We have seen tliat

the temperature and pressure of gases are intimately

connected. The absolute scale of temperature is

founded upon this fact. By definition, absolute tem-

perature is proportional to the pressure qf a perfect gas

confined to a constant volume. All permanent gases

a,re found to be essentially perfect in this sense.

To compare absolute temperatures, we may seal up

a mercurial barometer in a tube, or an aneroid barom-

eter in a preservihg jar. The corrected indication of

the pressure of the air enclosed will be propot'tional

to the absolute temperature.

We are still at liberty to adopt any lengtli of degree

which we please, and for convenience we will choose

that of the centigrade scale. Let us suppose tliat tlie

barometer rises ten inclies when we lieal the iair From

ilie freezing to the boili«.g point of water. Then a

tenth of an inch will represent a degree. The abso-

1 Th^ molecules a-rfe thought to ofccupy at least one half as much
space as the liquid formed by the condensation t)f a gas.
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llite tenapei-atuiie of freezing or boiling Can now be
found from the corresponding pressure of the barome-
ter ill tenths of an inch. "We discover in this way
that water a-eezes at 273°>, and boils iit 813° on this

absolute scale.

"Whatsoever means we adopt for estimating the pres-

slire of a confined gas, the same result is obtained,

since the pressure at boiling is to that at freezing as

37'3 is to 2T3.

It is found that all temperattfres oft the merctirial

thermometer may bfe eonverted approxitnately to the

abs-olu'te scale by adding 273°.

§ 77. VfelffGitjr of -Molebuleis. --' FrOltti th'-e definition

of force (§ 12) depending On mass, time, atid change

of velocity, it is clear that the pressure of a gas must

depend both upon this number aWd upon the velocity

of the molecnl'e's which striite a given surface in a

given time. If we double the velocity of the mole-

cules withoiiit changing the distance they must travel

before hitting the sides of the vessel, Ibe blows will

be twice as freqivent 'and twice as strong ; hence the

pressure will be quadrupled, — also, by definition, the

absolute temperature, as the volume remains the same.

So, in general, temperature maj' be shown to vary as

the square 'of the m'bfecular velocity.

"We do not know the mass of a siwgle molecule,

except within wide limitis ; but We ©an find th<@

weight of a cubic centimetre of a gas, and thus

independently Of the number of molecules in this

given space, we can calclilate the average velocity

which will account for a given pressure. Molecu-
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lar velocity is not therefore a matter simply of

conjecture.^

§ 78. Pressure and Density of Gases.— The density

of a gas is evidently proportional,, other things being

equal, to the number of molecules in a given space.

In the case of exceedingly rarefied gases, the raole-

cules are so far apart as not practically to interfere

with one another; hence each will hit the sides of

the vessel as often as if the others were not pres-

ent.2 j(; follows from the principles explained in the

last section that in such a case pressure and density

are proportional when the average velocity, or tem-

perature, remains the same. Hence at a constant

temperature, the pressure of a perfect gas varies with

the density. Experiment confirms this assumption in

the case of exceedingly rarefied gases.

As a gas becomes more and more condensed, there

is less and less space between the molecules free for

vibration, and cohesion may come into play, partic-

ularly in the case of a vapor near its point of con-

densation. In such cases the law connecting density

and pressure cannot be applied. Even the most

permanent ' gases are more or less compressible than

theory would indicate (see Table 12), though in most

experiments the variation is barely perceptible.

§ 79. Law of Boyle and Mariotte.— As the volume

of a gas increases, the density obviously diminishes,

1 The average velocity of a hydrogen molecule at 0° is found to be

not far from a mile per second ; that of oxygen is one fourtli as great.

For a further discussion of this subject, see Maxwell's Theory of Heat,

chapter 22.

2 See Daniell's Principles of Physics, page 221.
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and the pressure, as we have seen, diminishes in pro-

portion. 'Rence, the volume of a perfect gas at a given

temperature varies inversely as its pressure.

§ 80. Law of Charles. — As the volume of a gas in-

creases, the pressure diminishes ; but as the absolute

temperature increases, the pressure increases. It fol-

lows that if both the volume and the absolute tem-

perature increase in the same proportion, the pressure

will remain the same. Hence the volume of a perfect

gas at a constant pressure is proportional to its absolute

temperature.

By this principle absolute temperature can be esti-

mated from the volume of a gas at a constant pressure

as in Experiment 26, as well as from the pressure of

a gas at a constant volume, as in Experiment 27 (see

§76).

§ 81. Reduction of Density to Standard Temperature

and Pressure.— If Z> is the density of a gas, P its

pressure, and T its absolute temperature, then the

pressure, Pj, at the standard temperature, T^, will

be given by the proportion, P^ : P : : %: T, or P,

= Py„ -T- T; the density, B^, at the standard pres-

sure, Po) is given by the proportion, D^: D : : P^: P^;

whence D,^ D P,-^ P, = D P,^ (P %-^T) =
DP, T-i-P'%.

If the pressure, p, is expressed in centimetres of

mercury, and the temperature, t, is on the ordinary

centigrade scale, we have

76 273 + t
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§ 82. Expansion of Sol-ids kmd Iiiqui'ds^ tt^ In the ea.m

of solids and liquids, tfee effects of temperature in

causing expansion are slight in comparison with those

in the case of gases. It is probable that the coiitesive

forces which bind their particles tog'ether leave very-

little available space for their vibration, and it is qiadte

possible that this available space obeys the same iaws

in general Sas in the case 'of gases. We have, however,

several cases where bodies contract with heat, the

most notable of which is water below 4°-. Such cases

may be explained as the result of the graidual re-

arrangement 'of the particles Gonsequent on a rise of

temperature, ^^ that is, to the same cause which makes

water oocupy about ten per cent less space than

the same weight olf ice.

§ 83. Linear and Cubical Co-efBcients of Expansion.^

A co-efficient of expansion is a number which always

occurs as a factor or co-effieient in Calculating expan-

sion produced by heat. The increase of the volume

of one cubic centimetre caused by a rise of 1° in teira-

p'erature is called the cubical co-efficient of expan-

sion of a substance. Thfe increase of the leHgtb 'of 1

cm. is Called the linear co-efficient of expansion. Un-

less othel*wi'Ste stated, 'the co-efficieiat of expansion of

gases and liquids is assumed to be clibfeal ; that <of

solids, linear!, affecting length, breadth^ and thickness

alike, and fhtenee otily one-third as great as the corre-

sponding cubical co-efficients

§ 84. Relation bet-ween Heat and Temperature. —
The relation v^Mck temperature beats to heat is an-

alogous to that which hydrostatic pressure bears to
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\va,ter. Heat flows from Ijjgli temperature to low

tempera,ture, wa,ter from iugti Iqvel to IpT^sr level.

Wh,en we pour water into a vessel,, the level rises

;

so h^Eiit iii,Greases the temperature of a body. It t?i)kes

more wa,te,r to iJl a large jar to a giyen depth than

a small one, more heat to warm a heavy body to a

giyqn temperature thaii, a light, one- Heat, like water,

i^ ind.es,tructible,, though it can be tiransformed in.to

many shapes. We usually estitnate, quantities of heat

relatively to a qertain unit, which haiS been defined

(§. 1,6), or, in the absolute system,-, by the quantity of

work to which it; is. equivalent.

§ 85. Theimai Capacity. -^ fhe thercQfil capajcity of a,

substance may be defined as the total atmount of heat

necessary tp raise its. temperature one degree. It cpr-

I'esponds, to; the cross-section of a vessel. A common

mea.suring-glass, flaring a little at the top, requires

more and more water to raise the level by a given

amount.. So most suhstjinces require more heat to

raise their temperature one degree as the te.mpera-

ture^ increases. The variation is, however, frequently

im.perceptible.

§ 86. Specific, Bteal:, -^H we> put pebbles into a.

vessel it will take less water toi fill it than before;

still less if the space:S between the p.ebbles are filled

with sand.

Specific he9,t corresponds to the material which a

vessel contains before water is added- It is some-

thing irrespective of the weight or bulk of a body

which, gives it a greater or less capacity for heat.

From experiments in mechanics we infer that the



686 HEAT. |§ 87.

fineness of subdivision of the particles of a body is

what fits them to be set in vibration, that is, to

absorb heat. Specific heats accordingly increase as

what we call the "molecular" weight diminishes. In

the case of elementary substances this can almost be

called a law.^

§ 87. Latent Heat.— If a small vessel is put inside

a large one, and water poured into the space between,

the level rises up to the edge of the small vessel, then

is constant until the small vessel is filled, after which

it rises again. So when ice is heated it rises in tem-

perature until it begins to melt, then the temperature

is constant until the ice is all converted into water,

then it rises again.

A certain quantity of heat disappears in melting the

ice, without raising the temperature, just as a certain

quantity of water disappears in filling the inner vessel.

The quantity which is thus absorbed in melting a

gram of a substance is called its latent heat of- lique-

faction. In the same way heat disappears when a

liquid is changed into a vapor. The amount of heat

necessary to convert a gram of a liquid into a vapor

is called its latent heat of vaporization.

Thus it takes about 80 units of heat (or 3,300 meg-

ergs) to change a gram of ice at 0° into a gram of

water at 0°. The water is not any warmer than the

ice, because water and ice may remain indefinitely in

contact and yet perfectly distinct. In the same way

' The products of the atomic weights and the corresponding specific

heats (see Table 8, a) will be found in most cases to be nearly equal

to the number 6.
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it takes about 536 units ^ of heat (or 22,000 megergs)

to change a gram of water at 100° into a gram of

steam at 100° when the atmospheric pressure has to

be overcome.

§ 88. Explanation of Latent Heat. — When the par-

ticles of a body are separated in such a way as to

overcome certain forces called cohesive, because they

tend to hold particles together, it is clear that work

must be done. If a particle of ether escaping from a

drop of that fluid is held back -by the attraction of

that drop, it will evidently lose a part of its velocity

;

and as only the swiftest particles can escape at all, the

slowest must remain, and the drop will grow cooler

and cooler. The work done in evaporation is at the

expense of temperature. When finally the liquid has

been all converted into vapor, heat must be com-

municated to the latter to restore to it the same tem-

perature that it had in the liquid state. The boiling

of a liquid depends upon the continuous communica-

tion of lieat necessary to maintain a constant tempera-

ture. This heat is said to be latent, because it does

not affect the thermometer. It can, however, be

recovered ; for the heat absorbed in vaporization is

given back in the act of condensation. The process

is in fact reversed. A particle of vapor is acceler-

ated bj'' the attraction of the liquid mass into which

it falls, and gains in velocity what before it lost.

§ 89. Law of Cooling.— There are three ways in

which heat is likely to escape from a calorimeter :

1 Of this, about 40 units are consumed in overcoming the pressure

Of the atmosphere.
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first by conduction, or passing from one particle to an-

other ; second by convection, or being caniedi bodily

by currents of air ; and third by radiation, or directly

passing from one place to another as the sun's heat

does in waves or rays. When all these causes liave

been guarded against, there is apt to be a very slight

loss of heat, which has to be allowed for. In all three

ways in which heat can escape the amount is found

to be proportional, nearly, to the difference of tempera-

ture between the contents of the calorimeter and the

surrounding air. Henee we have Newton's law of

cooling : Losb^ of heat per unit of time is proportional

to difference of temperature.

If, for instance, the temperature within the calo-

rimeter is 40° and that outside of it 20° and the rij.te

of cooling 1° in 5 minutesi, we should infer that if the

calorimeter were at 30° the temperature would fall

only about 1° in 10 minutes. We are thus able to

estimate the temperature at a point of time when ob-

servation would be impracticable. (See Experiment

31.)

§ 90. Principle of Calorimet-ry. — When substances

at different temperatures are mechanically mixed in

a calorimeter so that no chemical or physical reaction

takes place, with the exeeptilon of a small quantity of

heat which escapes as has just been explained, the

total amount remains constant. What is lost by one

body is therefore taken up by another.

If mjis the mass of one body, Sj its specific heat, ti its

temperature . before mixture, and, t i,ts t.emperf),ture

after mixture, then the number of units it has ab-
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soibed is m^s^X {t-t{). If it has lost heat instead of

gaining it, the expression will be negative. Denoting

by subscripts 1, 2, 3, &c. in the .same way the proper-

ties of the several subslaiices contained in the calorr

imeter, we have

mi «i (t-ti)-\-mi S2 (t-t^) -f Ws S3 (t-ts) -\-etc. == 0.

The temperature of the mixture, t, is the same

for all. The products m^ Sj, m^ Sj, m^ Sj, etc., are evi-

dently the thermal capacities of the bodies in ques-

tion. For if s is the heat required to raise 1 gram 1°,

m s will be that required to raise m grams 1°.

To calculate the thermal capacity of a calorimeter,

we multiply the weight of the inner vessel in grams

by the specific heat (from Table 8, a) of the material,

usually brass, of which it is composed. The thermal

capacity of a stirrer attached to the bulb of a ther-

mometer is calculated in the same way. The thermal

capacity of a thermometer is about one-half of the

numbei' of cubic centimetres immersed, whether of

mercury or of glass, — more exactly, f in the case of

mei'cury. The various methods of calculating specific

heat by the above principles will be explained in

Experiments 32, 33 and 34.

§ 91. Heat Developed in a Calorimeter. — When a

substance contained in a calorimeter undergoes a

change of state, whether physical or chemical, heat is

usually developed or absorbed. The fact is recog-

nized by the departure of the temperature of the

mixture from that which it would be expected to

have if the mixture were purely mechanical. The
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heat developed or absorbed when a gram of a solid is

dissolved is called the (latent) heat of solution ; when

it unites chemically with another substance, it is the

heat of combination ; or if it hums in the process, the

heat of combustion. The calculation of these heats is

expla,ined in Experiments 35-38.



CHAPTER VIT.

SOUND AND LIGHT,

§ 92. Wave Motion.— When a row of marbles is

set in a crack of the floor, and one at the end of the

row is hit, it strikes the one next to it and comes to

rest after giving up nearly all its motion, the second

marble gives up its motion to the third, and so on,

until finally the last marble is set in motion. In the

same way a string can transmit a pulse. The string

however, has generally a lateral motion and each por-

tion pulls the next oue side instead of pushing it for-

ward. A wave of sound in air is transmitted like a

pulse through a row of marbles, a wave of light like

a pulse through a string. In both cases, however, the

pulse, if not obstructed, is carried from the origin

not simply in one direction but in all. The different

paths by which light spreads out are illustrated by

a system of strings radiating in all directions from a

given point. These strings represent also what are

called rays of light. To explain the distribution of

sound we may imagine a space filled with solid

bodies having springs of some sort between them so

as to keep them apart and yet allow any one to

transmit a blow to its neighbor, as in the case of

the marbles.
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§ 93. The Air and the Ether.— A pulse of sound iu

air is in reality transmitted by the impact of the mole-

cules of air, which are perfectly elastic, whereas mar-

bles are not. The velocity of sound in air is a little

over 33 thousand cm. per sec. While sound is inter-

cepted by what we Call a vacuum (there being no mole-

cules to transmit it), light passes more easily through

a vacuum than tlirough air. What carries light we do

not know. We ca,ll:it,iie e^Aen. The ether, like air, is

perfectly elastic; but it hfi? no weight, and no per-

ceptible resistance to motion through it ; ; it, seems to

pass between the particles of the densest ^soMs "as

freely as the wind passes through a grove pf trees." ^

And yet it transmits, as we have seen, transverse

vibrations^ after the manner of a string.

In some I'espects. the ether reminds us of magnet-

ism, which, though perfectly, immaterial, can hold a

piece of iron firmly; through a piece of glass. .Elec-

tricity, however, affords the only true analogy to lights

It is well known that telephone messages are carried

from one wire to another, either through a vacuum or

through almost any medium which we can interpose.

The fact is certainly significant that electrical vibra-

tions may pass in this.way with the velocity of light

(30 thousand million cm. per sec), and the belief

is gaining ground that light . is , carried by what is

called electromagnetic induction from one particle to

another.

; § 94. Law of Inverse Squares. — Siucie both SQUud

and light spread out equally in every direction, a pulse

1 Lloyd's Dndulatory Theory of Light, § 21.
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naturally takes the form of a hollow shell, perfectly

spherical, and growing larger as the wave passes farther

from the source. The area of such a shell is propor-

tional to the square of its radius ; hence the intensity

of sound or light per square centimetre varies inversely

as the square of the distance,— the same amount of

energy being distributed over a greater amount of sur-

face. TU« transmission of sound and light without

any perceptible loss affords another illustration of the

principle of the conservation of energy.

§ 95. Relation of Wave-Front and Rays.— The Sur-

face of a shell such as is formed by a pulse spreading

out in all directions, or any portion of such a surface,

is called a wave-front. It is clear that a wave-front

is perpendicular at every point to the ray of light

passing through that point, as the radiu^ of-a sphere

is perpendicular to its surface. When a portion of a

wave passes through an orifice, the rest being inter-

rupted, most of it still continues to advance very much

as if the whole wave were present. It is found, in-

deed, that waves tend to move in straight lines, and

in all cases in a direction at right angles to their front.

It follows thajt any cause which can change the direc-

tion of the wave-front will. also cause a bending of the

rays. In the absence of aiiy such cause, the general

direction will remain constant.

This tendency of waves to indve iii straight lines is

ihuch more marked when a grea/t number of pulses are

sent orig behind the other, as is always, practically,

the case. The wave-fronts then find it impossible to

bend much without interfering with one another.
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A series of wave-fronts issuing from an orifice con-

stitutes in the case of light what is called a beam.

The middle part of a beam is perfectly straight ; the

bending is confined to an almost imperceptible portion

at the edges. Sound shows also a tendency to move

in straight lines ; but, owing to the great distance be-

tween the pulses,- not nearly to the same extent.

§ 96. Frequency of Vibration. — When a toothed

wheel, by striking on a card, gives a regular series of

pulses to the air, a musical note is often produced.

The pitch of the note depends on the number of pulses

per second. There are three classes of notes, one in

which the pulses are too infrequent to produce a con-

tinuous effect upon the ear, the second audible (say

from~30 to 3Q,000 pulses per second), and the third

too rapid to be heard. In the same way there are

three classes of vibration in light; one too slow to

affect our organs of sight, a second visible (from 400

to 800 millions of millions per second), and a third

more rapid still and in consequence invisible.

When sound is intercepted, it is usually changed

into heat. All kinds of light when absorbed by an

opaque body are generally transformed into heat. In

all such cases the heat is equivalent, erg for erg, to the

energy spent in producing the vibrations in question.

All kinds of light act on a photographic plate, but

principally those of the third class alluded to, often

called actinic. In sunlight the principal - source ot

energy is from invisible vibrations of the first class,

often called calorific for this reason.^

1 See Tyndall's Fragments of Soiencej pages 182-184.
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§ 97. Reflection. — All waves are reflected from a

surface as an elastic ball is from the floor. That part

of the motion which is perpendicular to the surface is

reversed, and that parallel to it preserved ; hence the

path of the ball makes the same angle with the sur-

face before and after reflection. One can see, without

a special examination of the motion of separate par-

ticles, that a reversal of one component accounts for a

similar change of direction in a wave.

§ 98. Wave-length. When sound is reflected back

and forth between two walls, an echo is heard at in-

tervals corresponding to the time it takes sound to

traverse the distance back and forth between the walls.

When the walla are only a few feet apart, the echo

may become so frequent as to produce a musical note.

Thus a tube' closed at both ends exhibits this phenome-

non. The distance which sound travels between two

successive pulses is called in general a wave-length,

and is clearly equal in this case to twice tbe length of

the tube. When a particular color is produced in the

same way by the reflection of light back and forth be-

tween two pieces of glass very close together, its wave-

length is twice the thickness of the space between the

glasses.

§ 99 Resonance. — The jibration of a tube closed

at both ends may be described as a periodic rush of

air from one half to the other and back again. When

such a tube is cut in two in the middle, each half has

the power of vibrating essentially as before. The at-

mosphere receives the rush of air out of the tube and

supplies air to fill the vacuum thus caused, taking in
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fact to each half the same place as the other half of

the tube. Since the whole tube was equal to half

a wave in length, the halves will, be nearly quarter-

wave-lengths ; but as the vibration extends g, little be-

yond the open ends,^ a tube closed at one end only is

not quite a quarter of the length of the wave to which

it responds.

When a tuning-fork emitting the corresponding

note is held near the mouth of the tube, the sound is

greatly increased. The downward pulses from the

fork are reflected from the bottom of the tube so as

to reach it in the middle of its upward motion, which

is therefore reinforced in its effect upon the air. The

slightest variation in the length of the tube causes the

phenomenon to disappear; but if the tube is madQ

jast one half a wave-length longer, or any number

of half-wave-lengths,' the reflected pulses, traversing

the distance twice, are retarded a whole wave-length

or several whole wave-lengthS) meet the fork as before,

and resonance reappears.

A, tube open at one end therefore responds to a

given note when its depth is equal to J, f, J, etc.,

wave-length's or thereabouts. The first quarter-wave-

length is approximate ; the other lengths are greater

than the first by exactly ^-, 1, 1^, etc., wave-lengths

respectively.

: § 100. Interference. — When two series of pulses

arrive at the same place at the same time the effect

' 1 It has been estimated that the vibration virtually extends beyond
the open end of a tube to a distance equal to a fourth or a fifth part of

its diameter.
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is greatly increased ; but if they arrive at different

times, each tends to fill up the gaps in the other, and

thus often to diminish the effect. Hence if a musical

sound enters a room .by two windows, a person stand-

ing between the windows on the opposite side might

receive the pulses from each at the same time, while

one by his side, being nearer one window than the

other, would receive the pulses at different times.

Again, a person still furthef to one side would re-

ceive pulse No. 1 from the further window at the same

time as pulse No. 2 from the nearer window, and the

sound would be reinforced. Evidently the difference

of his distances from the two windows must be the

same as that between two pulses, or in other words,

a wave-length. There will be reinforcement again

when one window is 2, 3, 4, etc., wave-lengths further

off than the other ; but whenever there is a fraction of

a wave-length involved there will be more or less in-

terference. The same holds for a series of windows, or

when sound arrives by aiiy two chahnels whatsoever.

We can always find the wave-length of a given note if

we know the smallest difference

in the length of different chan-

nels producing reinforcement of

interference.

§ iOl. Diffraction-Grating. —
Precisely the same method is ap-

plied to light. An ordinary

diffraction-grating (see ilkistra-
. Dippraotion-Geating.

tion) consists or a series ot lines

with slits between them, through which light passes.
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We find the difference in length of the paths followed

by the light arriving at a given point by two succes-

sive slits, and this is the wave-length of the light

which is reinforced at that point by the grating.

There is an obvious advantage in employing a

grating with a large number of lines, let us say

a thousand. If each line is exactlj'' one wave-length

further off than the next, a thousand pulses will

arrive simultaneously at the ej'e ; but if there is the

least error in adjustment, let us srj a thousandth of

a wave-length, the pulses will all arrive at different

times, and thus produce complete interference.

It is to be observed that waves of light and sound

tend to move in straight lines only when the breadth

of the waves is considerably greater than the distance

between them ; hence the phenomena of bending or

diffraction in passing through narrow orifices. Sound-

waves, being on the average a million times farther

apart than waves of light, bend much more readily,

and require a screen proportionally broad to produce

a distinct " sound-shadow." The longest light-waves

are, however, comparable with the shortest waves of

sound. All waves bend round a small obstacle very

much like the waves of the sea.

§102. Refraction. — If a line of soldiers should

march obliquely into a swamp, those who met it first

would be most retarded, and their front would change

its direction. In the same way a wave changes its

direction in entering a medium in which it moves

more slowly. Let AB (Fig. 5) be" the wave-front

in vacuo advancing in the direction ^ C at right
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angles to AB; and let CD he the wave -front ad-

vancing in the direction B D at right angles to B,

after passing through the surface B of a. refracting

medium. Since the time in passing from A to C is

the same as from B to D, tIC is to B B as the veloc-

ity in vacuo is to the velocity in the refracting

Fig. 5.

A G
medium ; but ^—^ is the sine of ABC, which may

B D
be called the angle of incidence (t), and rj-— is the

sine of B OB, the angle of refraction (r) ; hence

sin i AG BD AC
smr B O B C BD

The ratio of AC \a B D, or the velocity in vacuo to

the velocity in a given medium, is called the index of

refraction of that medium, /i, and hence is calculated

by the formula
sin i

ft = -:— •

sm r

The index of refraction of glass, for instance, is given

as 1.5, nearly. This means that light travels half as

fast again in vacuo as in glass.
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§ 103. Law of Lenses. — When waves of light di-

verging from a point B (Fig. 6) pass through a lens

A I, and converge to a point H, the central portions

are clearly retarded by a constant amount Dl^ in-

:S-:-:..
---,/!

eluded between two spherical surfaces AFIand ADl
with B and JI respectively as centres. D F may be

divided by a plane AEI into two portions, D E and

E F, which, by geometry, are inversely as the dis-

tances BE and if^ (nearly), called conjugate focal

lengths. As 2>^rnust be constant, BE -{- EF must

be constant, — hence also the sum of the reciprocals

of the conjugate focal lengths.

When rays emanate from a distant point, like a star,

so as to be nearly parallel, they are focussed at the

shortest possible distance by a given lens. This dis-

tance is called the principal focal length. As its con-

jugate is very large, the reciprocal of this conjugate

maj' be neglected. Hence the law of lenses : The re-

ciprocal of the principal focal length {F^ is equal to the

sum of the reciprocals of any two conjugate focal

lengths {Fi and F^), or

Jl _ 1 -1
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The calculation of the index of refraction of a lens

will be explained in Part IV.

§104. Images.— If waves of light emanate, not

from a single point, as B in Fig. 6, but from several

such points, as B, B\ B" (Fig. 7), they will be focussed

at several points, as H, H', H", no situated as to be

in the straight lines B UH, B'UH', B"EH", as the

middle of a lens, having two parallel surfaces, does

not bend the rays.

:w^

-iC-liSS!

H"

H

mf
Fig. 7.

Since every point B is represented, we find at 5" a

perfect image of an object at B, but completely in-

verted ; and tlie separation between any two points is

clearly proportional to the relative distance of the

image and object from the lens.

We distinguish between real and virtual images.

S, H', H" is a real image of B, B', B", because

the rays of light from B, B% B" actually meet at

H H', H", respectively, and again diverge from these

points as from a real object. A photograph requires

a real image for its production. On the other band,

an image in a looking-glass is virtual, because rays do

not really meet in it or diverge from it.
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A virtual image may be located as in experiment 43.

When for instance an object is too near a convex lens

to have a real image on the opposite side, we may still

find a virtual image behind the object. That is, rays

diverging from the object may, after passing through

the lens, seem to diverge from a more distant point

on the same side of the lens as the object.^ Concave

mirrors furnish similar examples of real and virtual

images. Convex mirrors and concave lenses do not

tend to bring rays to a focus, and give therefore only

virtual images.

' By a construction similar to Fig. 6 it may be shown that in such

cases the reciprocal of the principal focal length is equal to the

difference of the reciprocals of two conjugate focal lengths.
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FORCE AND WORK.

§ 105. Components and Resultants. — When a body

moves from A to B (Fig. 8), then from B to C, it passes

of course from A to 0; the two motions A B and B
may also be thought of as relative motions taking place

at the same time. Let the points A, B, and C all start

at A; let B move with respect to A, through the

distance and in the direction AB, and at the same

time let C move with respect to B through the distance

and in the direction BO; then clearly C has moved

with respect to A through the distance and in the

direction A 0.

Fig. 8.

We express this fact by calling the motion J. C the

resultant of the two motions A B and B 0, and by

calling A B and B compopents of A 0, because when
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compounded together they produce A C. We shall

have occasion to consider only components which are

at right-angles.

li AB and B C are motions which take place in the

unit of time, they represent velocities ; hence clearly

the resultant of two velocities AB and B C is A C.

Again AB and B Cniay represent component veloc-

ities which a body acquires in the unit of time ; in

other words, coipponent accelerations (§ 11) ; evi-

dently the resultant of two accelerations AB and B
must be an acceleration AC.

Finally, we may multiply the accelierations AB, B C,

and A C loy the mass of the body which they affect,

without disturbing their relative values ; but the

products of mass and acceleration are forces (§ 12)

;

hence two component forces, AB and B G, must give

a resultant force AC.
In fact ,it is evident that all quantities involving

distance and direction, whether motions, velocities,

accelerations, or forces, must be compounded by the

same rules as lines in geometry.

Now since A B and B Care geometrically equivalent

to A C, -B Cmust be the geometrical difference between

AB aud A 0. Hence a change of velocity from AB to'

A C means the, acquisition of a new velocity, B C. We
are thus able to represent the change of velocity con-

sequent on a change of direction as well as from a

change in magnitude.

Again, a motion A C carries a body as far away

from the line AB ^^ the motion B C, and a motion

AC carries it as much neai?er to 5 (7 as a motion A B.
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Hence if the components, A B and B G, are at right-

angles, A B and B C measure respectively the effects

of a motion A 0, in the general directions A B and

BO}
§ 106. Absolute Measurement of Force.— If a body is

free to move in every way, the force acting upon it is

always said to have the same direction as the velocity

which the body acquires^, as explained in the last sec-

tion. It is also said to hav'e a magnitude such that

the product of the force / and the time t it acts is

equal to the product of the mass m acted upon and

the velocity v acquired. This definition of force is

expressed also by the formula

ft= mv.

Experience shows that force defined as above corre-

sponds to that which we ordinarily measure with a

spring-balance.

The student should bear in mind that the funda-

mental law of motion contained in the formula ap-

plies only to bodies perfectly free to move, like masses

in astronomy. It is a common fallacy to suppose that

force is necessary to maintain motion. Our formula-

1 The relatipn between the components and resultants of forces

may be illustrated by the strains which they produce. Let A be the

head of a nail bent by one force from A to B, and by another force

from 6 to C. Asa result, it is bent from A to C. Now by Hooke's

Law, as explained in § 114 below, forces are proportional (with certain

limitations) to the strains produced ; hence two forces A B and B C
must have a resultant A C when estimated in this way.

Again, a nail bent from .4 to C is bent in the general direction A B
by the same amount as if bent from Ato B ; and in the general direc-

tion B C the same as if bent from B to C. Hence A B and B C are

the components of .4 C in their respective directions.
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expresses the fact that, in the absence of friction or

other interference, motion maintains itself ; for if

/ ::= 0, «; = 0,— thatis, in the absence of force there

is no change of velocity either in magnitude or in

direction. This is essentially Newton's first law of

motion. The force which one body exerts upon

another is found to be equal and opposite to that

with which the second body reacts upon the first.

It is necessary, therefore, to measure only one of

these forces.

§ 107. Average Velocity.— If we take any series of

consecutive numbers beginning at 0, we shall find the

average value to be half the last value. Thus the

average of 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 is 5. So if

we begin with a body at rest, and increase its velocity

uniformly up to a given point, the average velocity

will be half the final velocity.

The average velocity is also found if we divide

the distance traversed by the time ; or the distance a

body moves is the product of the average velocity and

the time.

§ 108. Laws of Falling Bodies.—The force in dynes

which gravity exerts upon a body is the product of

the mass m in grams and the intensity of gravity g,

in dynes per gram. Substituting mg for / in the

general formula of § 106,,^ we have

mgt.^ mv, or

gt = V.

The velocity acquired by a falling body is therefore

proportional to the intensity of gravity and to the time

it acts.
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The final velocity is, by the last section, equal to ^v
;

and the distance d traversed, being the product of the

average velocity and the time, is

(? = J vt.

Substituting the value of v above v/e have

d=iigtxt = i gf. -

In other words the distance a body falls is propor-

tional to the intensity of gravity and to the square of

the time.

Again, we find the value of t,

V

and substituting this in the last formula, we have

9 9

The square of the velocity which a body acquires is

therefore proportional to the distance fallen.

The same formulae express the relation between the

velocity lost by a body projected vertically upwards,

the time it takes it to reach its highest point, and the

distance it rises in so doing.

§ 109. Ballistic Pendulum. — When a body A sus-

pended by a vertical cord -4(7 (Fig. 9) is given a hori-

zontal velocity v along the arc AB, it continues until

it reaches a point 5 at a vertical hpightJ.Z). above ^
the same as if it had been projected vertically upwards.

The reason of this will be seen later on, when we have

considered problems in the conservation of energy. We
have from the last section

AD = \—.
9
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Drawing the diameter A E, and the chords A B and

BE, we have in the similar triangles ABE and ABB,

/ /

I / »c

Fig. 9.

AD:AB::AB:A:E,ox AI) = AB'^'AE. Hence,

substituting,

'AB^ -i- AW= v^-i-2g;

and as AE= 2 AC,

v^ = AB^xg^AO,

v = AB\/-^.
^ AC

The velocity of a pendulum at its middle point is

therefore proportional to the distance AB of the point

where it turns, measured in a straight line ; that is the

velocity is proportional to the chord of the arc A B.

This is the principle used in comparing velocities by

the ballistic pendulum.

We shall see that a suspended magnet differs from

a pendulum chiefly in the nature of the force which

causes it to return to its normal position. When a
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needle, previously at rest, is given a sudden angular

velocity, the arc through which it swings is called the

throw of the needle. The velocity is therefore propor-

tional to the chord of the throw.

§ 110. Laws ofVibration.—The square of the veloc-

ity of a pendulum at the middle point of its swing

resulting from a given displacement is seen from the

last section to vary as the intensity of gravity, and

inversely as the length of the pendulum. We may
infer that the length of a pendulum is proportional

to the square of the time occupied by a single swing
;

and the force acting upon it is proportional to the

square of its rapidity of oscillation.

The same principle applies to a magnetic needle,

and is frequently used in comparing the strength of

the forces which are exerted upon it. See Experi-

ments 75 and 82,

§ 111. Isochronism.— It is well known that a pendu-

lum vibrating in a very small arc keeps almost exactly

the same time as in a comparatively large one. This

shows that the average velocity of the pendulum (§ 107)

must be proportional to the arc. The explanation is

simply this, that the force urging the pendulum towards

its middle point becomes greater as the arc increases.

This force is proportional to AF (Fig. 10), perpendic-

ular to B <7, drawn as in § 109 and hence approxi-

mately equal to the distance A B which the pendulum

must travel. We have already seen that the velocity

acquired in reaching the middle point is proportional

to the chord A B and hence approximately to the

arc.
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From the fact, however, that the hnes AF and A B
are not quite equal to the arc AB, we infer that a

common pendulum is not perfectly isochronous. The

effect of different arcs on the rate of vibration will be

Fig. 10.

found in Table 3, column g. In all experiments with

a pendulum or with a vibrating needle, we must limit

the arc of oscillation according to the degree of accu-

racy required.

§ 112. Point of Application of a System of Forces. —
It may be observed that the weight of a body acts as

if a single force were applied to a certain point called

the centre of gravity, and that it must be sustained by

a single force, or its equivalent, applied in the same

vertical line with the centre of gravity, equal and op-

posite to the weight of the body in question, in order

that the body may remain at rest. In the case of a

magnet the forces which it exerts act for most pur-

poses as if they came from two points, represented in

Yig. 13, § 12&. We say therefore that the point of

application of the forces exerted by gravity is at the

centre of gravity, while the centres of magnetic forces

are at two points called poles.
"^

§ 113. Couples.— A pair of forces equal in magni-



§114.] HOOKE'S LAW. 711

tude but opposite in direction are said to constitute a

couple. Tiie perpendicular distance between the lines

in which they act is called the arm of the couple ; the

product of the magnitude of either force and the arm

of the couple is called the magnitude of the couple.

D« ««,c

Abi ^
Fig. U.

Thus AB and OD (Fig. 11) constitute a couple with

an arm AC, and magnitude AB-AC. The effect of a

couple in a given plane (A5 (72)) does not depend upon

the location or direction of the arm AC with lespect

to the (rigid) body acted upon, and it is indifferent at

what points in the lines AB and CD the corresponding

forces are apphed. A left-handed couple {AB-AC)

can be balanced only by an equal and opposite right-

handed couple (J.'5''J.' C") such that

AB:A'B'::A'0':AC.

§ 114. Hooke's Law. — The effect of a force applied

at the end of a rod is either to stretch or to bend it

;

the effect of a couple is to twist a rod. These effects

are found to be proportional to the magnitude of the

forces or couples in question. Hooke's law " ut tensio

sic vis " may be translated, strains are proportional to

stresses. (See § 22.) The ratio of a stress to a strain

constitutes what is called a modulus of elasticity.
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§ llo. Laws of Flexure. — The force required to

bend a beam is evidently proportional to its breadth,

but the thiokness must be taken three times into

account, first, because a greater strain or distortion

necessarily accompanies a given amount of bending

;

second, because (as in the case of breadth) there is

more material to be bent, and third, because the force

has less purchase upon the material.

The force required is in fact proportional to the

cube of the thickness. It can be shown in a similar

way to be inversely as the cube of the length, for

less force will be required, first, because it has a

greater purchase ; second, because the longer the beam

is, the less sharply need it be bent to deflect it through

a given angle ; and third, because it takes a smaller

angle to produce a given deflection.

§ 116. Laws of Torsion. — The couple required to

twist a rod of a given shape increases with its breadth

or thickness, first, because the average strain or dis-

tortion is greater— at the edges, for instance ; sec-

ond, because the purchase of the forces is less ; third,

because the material acted upon is proportional to the

breadth ; and fourth, because the material is also pro-

portional to the thickness. In the case of a square or

round rod the couple is therefore ^ proportional to the

fourth power of the diameter. It is also inversely as

the length, because the strain is less in proportion to

the length of the rod for a given amount of twisting.

' It may be remarked that if there are N independent reasons why
one quantity should increase in proportion to another quantity, the

former always varies, other things being equal, ^s tlie iV* power of the

latter.
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§ 117. Measurement of Work. — Work is measured

by multiplying together the distance through which

a point has moved and the force which has been

overcome. Thus the work transmitted through a belt

can be found if we know the difference of tension

between the two portions moving respectively to and

from the driving-wheel, and the total distance trav-

ersed. If the belt is prevented from moving, as in

Experiment 69, we can find the work done by the

wheel in rubbing against the belt. We multiply to-

gether in this case the difference of tension in the belt

and the distance traversed by the rim of the wheel.

The work in question is ti-ansformed by friction into

heat, but it could easily be utilized by allowing the

belt to turn machineiy. The measurement of work

transmitted through a belt while in motion is more or

less complicated.

§ 118. Work of Water under Pressure. — The work

represented by a flow of water under pressure is easily

calculated. Suppose the orifice to be 1 sq. am. in

section ; then the force behind the stream is numeri-

cally equal to the pressure (see § 63), Let the stream

advance 1 em-. ; then the work done, being the force

times the distance, or in this case the pressure times

the distance, is also numerically equal to th§ pressure.

The volume of water which escapes from the orifice is

clearly 1 cu. cm. Hence the work done on 1 cm. cm. is

numerically equal to the pressure. The same is also

true, no matter what the size of the orifice may be ; for

with a given pressure per sq. cm. the force must vary

with the cross section of the stream, and hence also
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the work represented by an advance of 1 cm. ; but the

volume in cu. cm. delivered also increases in the same

proportion, and therefore the work per cu. cm. remains

the same.

Since pressure in dynes per square centimetre is

numerically the same as work in ergs per cubic cen-

timetre, we have the following rule : To find the

work in ergs represented by a flow of water under

pressure, multiply together the flow in cubic centime-

tres and the pressure in dynes per square centimetre.

§ 119. Work done by Oblique Forces.— When the

direction of the force and the motion is not the same,

we consider only the effect or component of the force

in the direction of the motion (see § 105) ; or we

may, on the other hand, take the component of the

motion in the direction of the force, and multiply by

the whole force in question; because in taking the

component of either the force or the motion we re-

duce it in a given proportion determined by the angle

between the two directions in question (see § 105).

Evidently it makes no difference which of the two

terms in a product is thus reduced.

§ 120. Conservation of Work. — It follows from the

principle set down in the last section that moving

from A to B (Fig. 12), then from B to O, against a

force acting in any fixed direction, FF , requires the

same amount of work as in moving directly from A
to C. For if we drop perpendiculars A A\ B B', C (7',

upon the line FF' representing the direction of the

force, the components of the motions are A' B', B' C,

and A C respectively, and since these are in the saiiie
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Straight line, A' B'+ B' C= A' C. That is, the sum
of the component motions is the same by a direct or

by an indirect path, and hence also the work required,

Fig. 12.

or the product of these components by the whole

force in question. The fact that no work is gained

or lost by choosing different paths is an illustration

of the more general principle of the conservation of

energy.

§ 121. Energy of a Moving Body.— A question

which often arises is, how much work is stored up

in a moving body, as for instance in a gram of matter

with a velocity one cm. per sec. Suppose a dyne to

act ou a gram at rest, we know that it would give it,

by definition (§ 12), in one second a velocity of one

cm. per see. We know (by § 107) that the average
'

velocity for this second will be half a centimetre per

second, or that the gram will have moved ^ em. The

work done upon it is therefore J dyne-cm. = i erg.

To give a gram twice the velocity in the same time

would require twice the force and double the average

velocity; the distance would -also be doubled. This

would mean four times the work. In the same way

three times the velocity would mean nine times the
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work, or in general the work done upon a moving

body is proportional to the square of its velocity. It

is obviously also proportional to the mass ; and as

1 gram with a velocity of 1 em. per sec. has been

found to contain \ erg, we have the following rule

:

Multiply the mass in grams by the square of the

velocity in centimetres per see. and divide by 2 to find

the work in ergs which a moving body contains.

It is easily found by calculation that a moving body-

in coming to rest can do the same amount of work as

was required to set it in motion. A gram, for in-

stance, with a velocity of 1 em. per sec. will be

brought to rest by a force of 1 dyne in 1 second.

The average velocity is therefore ^ cm. per sec. ; the

distance traversed -| cm ; the work done against 1

dyne through a distance of J cm. is | erg,— the same

that was required to start it in motion.

§ 122. Conservation of Energy' in Mechanics.—Work
stored in a body is often called energy. Energy is

again defined as the power of doing work. We dis-

tinguish between the energy of motion of a body

(kinetic energy) and its energy of position (potential

energy), due to the level, for instance, to which it has

been raised. All kinds of energy are measured in

ergs.

We have seen that it takes the same amount of

work to raise a body from one level to another, no

matter by what path it may be raised (§ 120). When
it returns to the original level the work is given back.

The energy spent in setting a body in motion is

also restored when the body comes to rest (§ 121).
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Energy of position may be changed into energy of

motion and the reverse, as is particularly evident in

the case of falling bodies or bodies projected into the

air ; but in mechanics no energy is ever lost. This

statement is an illustration of a more general principle

known as the " Conservation of Energy "
(§ 149).



CHAPTER IX.

ELECTEICITY AND MAGNETISM.

8 123. Nature of Electricity and Magnetism.— We do

not know what electricity and magnetism are ; that

is, we are ignorant of their fundamental relations to

matter and motion. Electricity circulating around

the particles of steel is believed by many to be the

sole cause of its magnetism. This hypothesis accounts

for all the observed effects. It has been suggested

by leading scientific men that the rapidity with which

light is transmitted may be due to electrical action

(see § 93), and it is suspected that chemical affinity

is closely related to electricity. (See §§ 142-144.)

We speak of electricity as if it were a fluid ; but there

are three reasons why neither electricitj' nor magne-

tism can be regarded as a fluid in the ordinary sense

:

first, they have no inertia (or resistance to being set

in motion) ; second, they have no weight (or attrac-

tion for ordinary matter under the law of universal

gravitation) ; and third, they repel, instead of attract-

ing their own kind.

In the first two .respects electricitj' and magnetism

resemble heat more than a fluid. It has been sug-

gested that they may be forms of energy ; but there

are more objections to this view than to the other,
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and comparatively little help is to be derived from it.

Even if electricity were proved to be a kind of mo-

tion, we should still think of it as a fluid, as we do of

heat when it is said to flow from one point to another

(§ T4).

§ 124. Positive and Negative Electricity.— As com-

pressed air can be distinguished from rarefied air, so

positive may be distinguished from negative electricity.

When mixed together they neutralize one another

;

and in this neutral condition, electricity, like the at-

mosphere, seems to be everywhere present. Positive

electricity can be separated from negative by vari-

ous means ; but we produce in all cases equal quanti-

ties of both. For instance, glass rubbed with a piece

of silk receives a positive charge ; an equal charge of

negative electricity is found in the silk. Some writers

maintain that there are really two distinct kinds of

electricity which unite, somewhat as an acid does with

a base to form a neutral compound ; and mathemati-

cians are apt to take this view, finding it convenient

to treat electricity as incompressible. Positive elec-

tricity may, however, be thought of as under greater

pressure than negative, whether it yields to that pres-

sure or not. We imagine that it is this pressure

which causes electricity to flow from one place to

another. We consider only the flow of positive elec-

tricity ; though it is maintained by some that half the

efPect is due to the flow of an equal quantity of neg-

ative electricity in the opposite direction.

§ 125. Electrical Attractions and Repulsions.— Two
bodies charged with positive electricity repel each
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other, or two charged with negative electricity repel

each other ; but a body charged with positive electri-

city attracts one with a negative charge. The force

exerted is proportional to the charge, or quantity of

electricity in each body. It is, in fact, equal to the

product of the two charges, divided by the square of

the distance between them. There is also a mutual

repulsion between different portions of the same

charge, which tend therefore to fly as far apart as

possible. Hence electricity collects in the surfaces of

bodies which conduct it, and (except while flowing

through them) is never found at any appreciable

depth.

§ 126. Nature of a Magnet. — In a similar way posi-

tive and negative charges of magnetism may be sepa-

/^ife'v^/ri
'lu i«i^:^. :- vi; •--r

Fl&. 13.

rated, but only in a few substances like steel. With

magnetism, as with electricity, a positive charge im-

plies an equal negative charge ; but in the case of

magnetism both charges are always found in the same
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body. Such a body constitutes a magnet, and is said

to have two poles, corresponding to the centres of

positive and negative magnetism. The position of

the poles iV and *S' (Fig. 13) is shown by sprinkling

iron-filings on a piece of glass over the magnet. Tlie

iron-filuigs arrange themselves in lines as in the dia-

gram, radiating from the two poles N and iS*. One

of these poles, N, is called north because, when the

magnet is freely suspended, it tends to point approxi-

mately in that direction ;
^ the other is called the south

pole. The direction in which a magnet is said to

point is always detei-miued by its north pole.

§ 127. Iiines of Force. — The iron-filings arrange

themselves along, what are called "lines of force."

A small compass-needle placed close to the glass

always points parallel to the lines of iron-filings,

and gives the direction of the lines of force, as indi-

cated by arrows in the diagram. The lines accord-

ingly are said to come from the north pole, and go to

the south pole. It is found that where the lines are

closest, the magnetism is strongest. A strong horse-

shoe magnet can hold a solid mass of iron-filings

between its poles.

§ 128. Field of Force. — The space around or be-

tween the poles of a magnet, wherever its action is

felt, is called the field of force, or simply the field of

that magnet. By the intensitt/ of this field we mean

the force exerted by the magn«t on a unit quantity

of magnetism (§ 17) placed at any point of the field.

1 At Cambridge, Massaehueetts, a magnet points very nearly nortli

by west.



722 ELECTRICITY AND MAGNETISM. § 129.

The intensity varies in different parts of the field.

At a given point the intensity of the field due to a

single magnetic pole is equal to the strength of the

pole divided by the square of its distance from the

point in question. Both poles of a magnet must,

however, be taken into account in calculating the

intensity of a field. The resultant (§ 105) of the

forces upon a unit of positive or north ^ magnetism

determines, by its direction and magnitude, both the

direction of the lines of force, and the intensity of the

field.

The earth, for example, is a great, though weak

magnet. The intensity of its field at Cambridge,

Massachusetts, is about 1 dyne per unit of magnet-

ism ; or more exactly, | dyne. The lines of force are,

however, more nearly vertical than horizontal, and

only their horizontal component, or about one quarter

of the whole effect, is felt by a compass. The angle

between the lines of force and a horizontal .plane

(70°-80°) is called the magnetic dip.

The field of a dynamo machine may be several

thousand times stronger than that of the earth.

§ 129. Magnetic Attractions and Repulsions. — Two
north poles, or two south poles, repel each other ; a

north and a south attract; the force exerted is pro-

portional to what we call the strength of each pole— in

the case of two poles, it is equal to the product of their

1 By "north magnetism " we mean the kind of magnetism contained

in that end of a magnet which points north. This is evidently the

opposite kind to that which we find in the north polar regions of the

earth, since only dissimilars attract. The "magnetic north pole" of

the earth is therefore technically a negative or south pole.
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strengths divided by the square of the distance be-

tween them. Comparing this statement with that in

§ 128, we see that the force acting on a magnetic pole

is equal to the product of its strength, and that of the

field of force in which it is placed. The strengths

of the north and south poles of a given magnet are

always alike.

'N, ,S

N'i ^S
Fig. 14.

When two magnets with poles, N^S, N', S', of

nearly equal strengths, ±s, and ±s', are placed par-

allel and opposite to one another, as in Fig. 14, if the

distance between them is d, there is a perpendicular

repulsion between iV and iV' equal to ss' -^ d^; and

one between S and *S'', of the same amount. There is

furthermore an oblique attraction between iVand S',

also between iV' and S; but if the distances IfS' and

If' S are great in comparison with IfJJf', or d, the

oblique forces may be disregarded.^ The resultant is

therefore approximately equal to 2«s' -=- d^.

By supposing one of the magnets reversed, we find

in the same way a resultant attraction nearly equal to

2ss' -^ d^. Counting attractive forces as negative, the

1 The effective components of the oblique forces bear to the perpen-

dicular forces a ratio equal to (N N' -7- NS')^. If N S' is 5 times as

great as NN', the error committed by disregarding the oblique forces

will be less than 1 per cent. The chief source of error in the applica-

tion of the principles contained in this, section lies in the fact that mag-

netic forces are only approximately centred in poles.
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algebraic difference,^ A, between the repulsion and the

attraction will be

^ s s'
A = 4 — , nearly.

We measure A by an ordinary balance in experi-

ment 72, with a small distance, d, between two nearly

equal magnets, and thus determine roughly the mean
strength of the poles in question.

§ 130. Action of Currents on Magneta.— When an

electric current flows through a wire, it affects all

magnetic bodies in its vicinity. It creates, in fact,

a magnetic field. When only a short portion of the

wire is considered, the intensity of the field due to

this portion is proportional to its length and to the

strength of the current passing through it; the inten-

sity also varies inversely as the square of the distance

from the wire. The lines of force are perpendicular

to the Avire at every point. They are in fact circles

with the wire at their centre, as

.,,...•»., shown by the arrangement of iron-

'^y'^'^':^&^k^:^ filings about a vertical current, in

''''^S^^mK^i' -i:
^'g- l^- Hence, a magnet tends

H viit'lftlS|?i''-':;y' to point at right angles to an elec-

i^^-^'J;'' trie current, and to the line join-

ing the two. To remember which

way the magnet points, place the

thumb across the forefinger of the right hand ; if the

' Charges of magnetism which eacli magnet "induces" upon the

other increase the mutual attraction of the magnets, but decTcase their

mutual repulsion hy a nearly equal amount. The algebraic difference

remains essentially the same.
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finger represents the direction of the current, the thumb

shows how the north pole of a magnet points.

§ 131. Action of Maguets on Cnrrents.— Conversel3%

an electric current is acted upon by magnetic bodies

in its neighborhood. It is, in short, affected by a mag-

netic field. The effect is equal, under the most favor-

able circumstances, to the product of the length of

wire, the strength of the current, and the intensity

of the field. In general, however, we consider only

that portion or component of a current which is per-

pendicular to the lines of force. The direction in

which a field acts upon a current is at right angles

to the lines of force and to. the current. To remem-

ber which way the field acts on the current, let the

thumb represent a north pole as before, and the fore-

finger a current ; thisn the thumb will point in the

direction in which the pole js urged ; hence as action

and reaction are equal and opposite, the current must

be urged towards the base of the thumb.

The lines of force due to the current are, as we

have seen, parallel to the thumb; but those due to

the pole are perpendicular both to the thumb and to

the forefinger. They issue in fact from the north

pole (see § 127) and follow, accordingly, the line of

pressure between the thumb and forefinger. It is

these lines alone which affect the current. Neither

the pole nor the current is influenced by the field of

force which it itself creates.

§ 132. Magnetic Current Measure.— From Our defini-

tion of the unit of current (see § 18) and the laws

stated in the last section, it is clear that the field of
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force due to a cuvrent Q flowing through a length of

wire 2/ at a distance D is equal to GL-^ I>\ and

that the action of a field of force F on the same

current, if they are at right angles, is CLF. These

expressions enable us to measure a current through

its magnetic action, as will be explained further in

§§ 13-3-135.

§ 133. Constant of a Coil.— The constant of a coil of

wire is defined as the field at its centre due to a.unit

of current passing through the wire. If the radius of

a circular coil is r, the number of turns of wire w, the

length of wire is 2 tt r X n, every portion of which

acts in the same direction ou a magnet at the centre

Csee § 130) ; hence the constant is

r^_L _2 TT rn _2 TT n

§134. Magnetic Area.— A rectangular coil, aicd,

of wire in the plane of this paper, would be acted upon

differently in different parts by a field of

force in the same plane. Suppose that the

current C circulates with the hands of a

watch ; and that a field acts from left to

right. Then (by § 131) the sides a h and

c d (Fig. 16) will not be affected ; a d will

be depressed with a force C X ad X F, and

Fig. 16. b c will be raised with the same force ; the

two forces then constitute a couple, with

an arm ah and magnitude C F X ab X ad. The

couple acting on a rectangle, abed, is therefore equal

to the product of the current and field of force multi-

e-
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plied by the area of that rectangle. The same clearly

holds for any number of rectangles or for their sum.

A rectangular coil of wire consists essentially of a

series of rectangles, abed, each carrying the current,

C. The total area, A, enclosed by these rectangles is

called the magnetic area of the coil, and determines

the couple, FA, acting upon the coil in a magnetic

field, F, in its own plane.

§135. Electro-Dynamometer. — A common form of

electro-dynamometer consists (see illustration) in a

Electro-Dvnamometer.

coil of wire a, with a smaller coil i, at right angles to

it near its centre. The larger coil is usually circular ;
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the smaller may be rectangular. If K is the constant

of the large coilj a current C, circulating through tiiis

ooil, will cause a field of force (i^= C K) to act on

the small ooil ; if the magnetic area of this is A, and

the same current, C, passes through the small coil, the

couple acting on the latter will be CFA^^ C^KA.
When the constant K and magnetic area A are

known it is only necessary to measure the couple in

order to determine the current. A current is thus

primarily measured by the force with which it acts on

itself. We shall not need to consider currents through

long conductors, except where, as in § 133 or in § 134.

every portion is similarly situated with respect to the

forces in question.
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ELECTROMOTIVE FORCE AND RESISTANCE.

§ 136. Heating by Electricity.— When a CUrfeilt of

electricity passes through a wire, heat is developed in

proportion to the square of the current and also to

what we call the electrical resistance of the conductor.

This is known as Joules's Law. When the power, or

the rate at which heat is generated, reduced to watts

(see § 15) is P, when the current in amperes (§ 19) is

C, and when the resistance in ohms (§ 20) is i2, we have

The resistance i2 of a conductor is thus easily found

if we know the amount of heat developed in it by a

given current in a given time. (See ^ 172.)

§ 137. Electrical Power.— The work spent in one

second in maintaining a current is obviously the same

thing as the power, P ; and the quantity of electricity

flowing in one second is by definition equal to the

current C ; the ratio of the power to the current is

therefore the same thing as the work spent per unit

of electrical quantity, and is' defined as electromotive

force, a. Electromotive force corresponds therefore

to hydrostatic pressure (see § 118), or rather, to a

difference of hydrostatic pressure.

We have, therefore,

E=P^C or P=OE;
10
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that is, electrical power (in watts) is equal to the pro-

duct of the current (in amperes) by the electromotive

force (in volts).

§ 138. Ohm's Law.— Since in the last section we

found E=^ F -^C, and in the section before,P= C^R;

we have, substituting,E^ C^B-i- (7=: C E. In other

words, the electromotive force (in volts) is equal to the

product of the current (in amperes) and the resistance

(in ohms). It follows that the current (in amperes)

is equal to the electromotive force (in volts) divided

by the resistance (in ohms), or

B
This is known as Ohm's Law.

A similar law discovered by Poiseuille holds for the

flow of liquids through capillary tubes. If B is the

resistance of such a tube as defined in § 20, E the hy-

drostatic pressure in dynes per sq. cm., and (7 the cur-

rent in cu. cm. per sec, we have

B
§ 139. Electrical Potential.— Electrical potential is

analogous to pressure, or head of water. As water

flows through a horizontal tube from places of high

pressure to places of low pressure, so electricity flows

from points of high potential to points of low poten-

tial. The electromotive force of a battery is the same

thing as the difference in potential which it is capable

of producing. Hence we may apply Ohm's Law as

follows: the current (in amperes) through any con-
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ductor (containing no source of electricity) is equal

to the difference in potential of its two extremes (in

volts) divided by the resistance (in ohms) : between

them, no matter how the difference of potential is kept

up ; and the difference of potential at the two ex-

tremes of such a conductor (in volts) is the product of

the current (in amperes) and the resistance (in ohms).

Denoting by c the current, by r the resistance, and

by e, the difference of potential in any portion of the

conductor, we have

e = cr.

Clearly, when a given current of electricity, c, travels

along a wire it loses in potential by an amount, e, pro-

portional at any point to the resistance, r, which has

been overcome.

§ 140. Resistance in Series and in Multiple Arc. —
When a current passes first through one conductor

then through another, as we say in series, the total

resistance is clearly the sum of the separate resist-

ances ; but if the current has a choice of two paths,

like a congregation dispersing through two doors, it is

less retarded than if confined to one alone.

Let ABO and J. DC (Fig. 17) be two such chan-

nels as we say, in multiple arc ;

Fig. 17.

if the resistance oiABC\s. E^, and that oi ADC, B^,

and the difference of potential between A and is U,



1
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four resistances AB, BO, AD, and 1) C are in propor-

tion ; that is,

AB:BC::AD:D a.

§ 142. Electrolysis.— When a current of electricity

passes into and out of a fluid by means of two conduc-

tors, often called electrodes, the liquid is almost al-

ways decomposed, and its constituents liberated. The

metallic elements are generally carried with the cur-

rent, the acid constituents against it until they reach

the electrodes. There they are either deposited, as in

electroplating, or set free in the gaseous form, as in

the electrolysis of water, or made to combine with the

material of one of the electrodes, as the acid does with

the zinc of an ordinary battery.

§ 143. Electro-chemical Equivalents.— As concerns

the quantity of a given substance acted upon in elec-

trolysis, neither the surface of the electrode nor the

chemical nature of the reaction seems to have any

effect. A given quantity of electricity always affects

a given quantity of a given substance. Thus one am-

pere in one second causes about one 3000th of a gram

of zinc to be dissolved from a zinc plate forming one

of the electrodes, or deposits about three times as

much mercury. The quantity of mercury is found

to be the same, whether the nitrate or chloride is

used ; and a similar uniformity is found, in the case

of other elementary substances, in regard to the quan-

tity set free from their various salts. The weight of

a substance acted upon by the unit quantity of elec-

tricity is called its electro-chemical equivalent. (See

Tables 8 5, 11 and 12.)
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§ 144. La-w of Eleotro-chemioal Equivalents.— Ob-

servation shows "that the electro-chemical equivalents

of different substances are to each other as their chem-

ical combining proportions. Thus 2 parts of hydrogen

combine with 16 parts of oxygen to form water, or

with 71 parts of chlorine to form muriatic acid ; again,

71 parts of chlorine or 16 parts of oxygen unite with

63 parts of copper or 65 parts of zinc ; one ampere

in about 192 seconds sets free 2 mgr. of hydrogen, 16

mgr. of oxygen, 71 mgr. of chlorine, dissolves 66 mgr.

of zinc, and precipitates 63 mgr.oi copper. There is

evidently an intimate connection between electricity

and the bonds which bind atoms chemically together

;

though no one as yet has offered a satisfactory expla-

nation of the law of electro-chemical equivalents.

§ 145. Calculation of Electromotive Force.— Since

we know the quantity of zinc dissolved by one ampere

in a second (^o7 9)^ ^^ amount of heat which a

gram of zinc gives out in combining with nitric acid

(about 1500 units), and the value of one unit of heat

per second in watts (4.2 nearly), we can evidently find

the power spent on one ampere by multiplying these

three together, and this should be (§ 137) the electro-

motive force developed by the action. Hence a bat-

tery in which the only reaction is the dissolving of

zinc in nitric acid should have an electromotive force

of about -^-^ X 1500 X 4.2, or 2.1 volts.

The electromotive force E generated by any chem-

ical action is accordingly 4.2 times the product of the

electro-chemical equivalent and heat of combination

in question. In the Daniell cell we must offset
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against the electromotive force due to the solution

of zinc, that due to the precipitation of copper, which

is about one-half of the former, because the copper

which is separated from the acid with which it is

combined has very nearly half as much aifinity for

it as the zinc which takes its place. The electro-

motive force of a Daniell cell is therefore about 1

volt.

Experiment shows that electromotive forces can be

calculated with more or less exactness in this way, as

nearly all of the chemical energy is spent on the

electric current. The actual electromotive force can

never exceed its theoretical value.

§ 146, Arrangement of Batteries.— When we join

several batteries together in multiple arc (Fig. 19), the

Fig. 19.

zinc poles having all the same potential, and the cop-

per (or carbon) poles all the same potential, we gain

nothing in electromotive force, any more than we

should gain in pressure by connecting two reservoirs

on the same level. The current is, however, often

increased, owing to the diminished resistance (see

§ 140).

Fig. 20.

When, however, we join batteries in series (Pig. 20),

so that the current passes in all cases from zinc to
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eopper, a given amount of work is done on the same

current by each cell, as explained in the last section,

and hence the electromotive force is increased in pro-

portion to the number of cells. Unfortunately, the

resistance is also increased in the same proportion,

(§ 140).

In seeking to increase a current, it is as important

to diminish resistance as to increase electromotive

force (see Ohm's Law, § 138) ; and a practical rule

often of service in the arrangement of a battery is

to reduce the resistance of a battery by arrangement

in multiple arc or to increase its electromotive force

by arrangement in series until the internal resistance

is equal as nearly as may be to the resistance of the

outside circuit which is to be overcome.^ In this

way the greatest possible current will be obtained

from a given number of cells through a given outside

resistance. Thus for a very long telegraph line we

prefer an arrangement of batteries in series ; for a

very short circuit an arrangement in multiple arc.

§ 147. Induction of Electricity. — When a wire of

length L, carrying a current C, at right angles to the

lines of force of a magnetic field F, is moved at right

angles both to these lines and to itself with a velocity

F, against the forces acting on it, evidently power is

required of the magnitude OLFV evgs per second;

for the force overcome is L F {^ 132) and the dis-

tance traversed in one second is V. The power re-

quired per unit of current to keep up the motion is

1 A similar rule applies to the arrangement of .several electrical

instruments, but from lack of space it cannot be dwelt upon here.
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therefore CLF V -^ C, or LF V. Experiment shows

that this power is not spent, as one might expect, in

heating the wire, but, through some agency which we
.do not understand, it acts upon the current in the

wire. It produces, in fact, an electromotive force, F,

which we have seen (§ 137) is equal to the power per

unit of current.! ^'jj^t is I!= LFV. The current

is given accordingly by Ohm's Law (§ 138), if the

resistance of the circuit is known. We are thus

able, given the phenomenon, to anticipate the law

governing what is called the induction of electricity.

We make use of induced currents, in Experiment

76, to compare the intensity of -two fields of force
;

and in Experiment 77, to compare the intensity of the

same field in two directions. In each case the motion

of the.wirfes is limited to a certain distance. If the

distance is traversed rapidly we get a strong current

for a short time ; if slowly, a small current for a long

time ; the sudden throw of a galvanometer-needle

(see § 109) is therefore dependent simply upon the

strength of the magnetic field.

§ 148. Thermo-Electricity.— In regard to the elec-

tric current generated by heating or cooling a junction

of two dissimilar metals, we observe that the electro-

motive force is approximately proportional to the tem-

perature of the junction, within narrow limits. A^

1 The electromotive force in this formula is expressed in ergs per

second per unit of current. Reducing tlie power to watts and tlie

current to amperes, we find that tiie electromotive force in volts is

equal to the product of the length of wire in centimetres, its velocity

in centimetres per second, and the strengtli of the field in dynes per

unit of magnetism divided by 100,000,000.
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oue junction in an electrical circuit implies another,

it is the difference of terapeiature of these two junc-

tions which we take into account.

When the range of temperature is considerable, the

thermo-electric force is rarely proportional to the dif-

ference of temperature of the two junctions. Thus

the current which flows ordinarily from copper to

iron through a hot junction, increases up to 275°,

then diminishes, and is reversed at a still higher

temperature.

§ 149. Conservation of Energy..^— The principle of

the conservation of energy explained at the end of

chapter VIII., applies to all transformations of energy,

and forms the basis, as we have seen, of most impor-

tant calculations. Whatever light, electricity, and

magnetism may be, they return to us eventually in

some form the energy spent in creating them. En-
ergy, like matter, may be transformed or scattered,

but cannot be destroyed.



ADDENDA.

AMBIGUOUS TEEMS.

§ 150. Gravity.— Ordinary matter has two char-

acteristic properties : inertia (§ 151), and gravity.

The continual changes which take place in the ve-

locities of heavenly bodies, or in the directions of

their motions, are attributed to gravity. To account

for these changes, it is necessary to suppose an at-

traction between different bodies which, other things

being equal, varies inversely as the square of the

distance between them. This is known as Newton's

Law of Universal Gravitation. It is not confined to

heavenly bodies alone, but holds for any two bodies

of matter, however small ; though the operation of

the law may be. concealed by other phenomena.

That property in matter which makes it attract other

matter is properly called its gravity. We say, for

instance, that "gravity" draws all bodies toward the

centre of the earth. In such expreswons as the

" acceleration of gravity," the earth's gravity is

usually referred to. A body cannot strictly be said

to fall under the influence of its own gravity. Grav-

itation is a mutual attraction, existing only between

two different bodies of matter. We must distinguish
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between forces of gravitation, which depend upon the

distances between bodies, and their gravity proper,

whicli is invariable so long as no change is made in

the quantity of matter which they contain. An esti-

mate of the quantity of matter, founded upon this

invariable property is usually designated by the word

mass, notwithstanding the fact that " mass " is strictly

defined without any reference to gravitj"^ whatsoever

(see § 152). ' It is also designated by the word

" weight," though this has properly an entirely dif-

ferent signification (see § 153).

Either the word "mass" or the word "weight"

may mean, accordingly, an estimate of the quantity

of matter which a body contains, founded upon gravi-

tation. Thus the number of grams (§ 6) by which

a body can be balanced determines its " weight in

grams."' The word " weight " should always be

qualified in this way when it refers to a quantity of

matter ; and when thus qualified it is preferable to

the word " mass " as applied to measurements de-

pending upon gravity.

§151. Inertia. — Bodies do not move instantly

from one place to another under the action of forces.

More or less time is always required to set a body in

motion, to turn it one side, or to bring it to rest.

These facts are explained as the result of a universal

property of matter called inertia. There is, how-

ever, no agreement amongst scientific men as to the

exact meaning of this term. Inertia is described by

some writers (in accordance with the original mean-

ing of the Latin. word) as the "inability" of matter
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to move itself. Aceordiug to Gariot,^ " Inertia is a

purely negative, though universal, property of mat-

ter." Other writers associate with inertia a certain

power or necessity. An old term, vis inertice (force

of inertia), illustrates this view. Inertia has been

defined as " that property of matter which makes

the application of a force necessary for any change

in the magnitude or direction of a body's motion." ^

"The fundamental principle of physics," says Des-

chanel,^ " is the inertia of matter."

We must distinguish between the so-called forces

of inertia— that is, forces of greater or less magni-

tude required under different conditions to produce

changes in the motion of a body— and the inertia

proper of a given body, which, like its gravity (§ 150),

depends only upon the quantity of matter which it

contains. An estimate of a quantity of matter,

founded upon this invariable property, is designated

by the word mass in its strict scientific signification

(see § 152).

§ 152. Mass. — The word mass is thought to have

the same origin as the German aJtaaS, and to denote,

literally, a measure of the quantity of matter which

a body contains. The mass of a body is strictly de-

fined as the number of standard units of quantity

(§ 6) to which a body is equivalent in respect to

inertia (§ 161). This is what is always meant by

the " dynamical mass " of a body: There are various

dynamical devices by which masses may be compared

1 Ganot's Physics, § 19. ^ Hall's Elementary Ideas, page 5.

.8 Desclianel's Natural Philosophy, 1878, § 6.
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(Exps. 59-60) ; but none leading to very accurate

results. It is, however, inferred from results obtained

witli pendula constructed of different materials (Exp.

68), that there is no perceptible difference between

the mass and the weight of a body when both are

estimated in grams. The best comparisons of mass

are made, accordingly, by means of an ordinary bal-

ance. In practice the word "mass" means the num-

ber of grams to which a body is equivalent in respect

to weight. It is in other words (practically) the

same thing as "weight in grams" (§ 150).

§ 153. Weight. — Weight is, as we have seen

(§ 150), sometimes used to denote the quantity of

matter which a body contains. The proper use of

the term is, however, in the sense of a force. The

weight of a body is strictly defined as the force with

which it is attracted by the earth's gravity. In this

sense weights should be accordingly expressed in

dynes (§ 12). To avoid confusion between the dif-

ferent meanings of the woi-d " weight," it is well to

qualify it even when used in its strictest sens'e.

To speak, for instance, of the " weight in dynes " of

a body leaves no doubt that it is the idea of force

which we wish to convey.

It may be observed that the " weight in dynes" of

a body varies with the intensity of the force of grav-

ity exerted upon it ; but that the " weight in grams,"

being practically the same thing as the mass of the

bod}', remains always the same.

§ 154. Density. — The density of a body is strictly

defined as the ratio of its mass to its volume (§ 9).
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Since, however, we usually estimate masses by bal-

ancing them with gram weights, and since ^volumes

are measured in cubic centimetres (§ 9), density

means in practice the quotient obtained when tlie

weight in grams of a body is divided by its volume

in cubic centimetres. , The weight is supposed in all

cases to be corrected for the buoyancy of air, or in

other words, reduced to vacuo (§ 67) ; the volume

is supposed to be measured at 0° or reduced to

0°, unless the temperature of the experiment is

stated.

If V is the volume of a body in eu. cm., M its

mass (or practically its weight) in grams, and D its

density, we have accordingly ^—

(1)

(2)

(3)

Tt follows that the density of a substance is nu-

merically equal to the number of grams contained

in 1 CM. cm. Thus 1 cu. cm. of lead weighs (see

Table 8) from 11.3 to 11.4 grams; and 1 cu. cm. of

dry air usually weighs (see Table 19) from .0011 to

.0013 grams.

§ 155. Specific Volume. — The specific volume of

a body is defined as the ratio of its volume to its

mass. It is found in practice by dividing its volume

in cubic centimetres by its weight in grams. The
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specific volume (*S') of a substance is accordingly

the reciprocal of its density ; that is (see § 154),

s=^. CD

whence ^~M' ^^^

F= MS, (3)

and ^=-p' ^^^

We must distinguish apparent specific volumes

from true specific volumes. The true specific vol-

ume of a substance is the space occupied by a quan-

tity of that substance weighing I gram in vacuo.

The apparent specific volume is the space occupied

by a quantity weighing apparently 1 gram in air.

Apparent specific volumes are accordingly affected

by the density of air. The apparent specific vol-

umes of water under different conditions are con-

tained in Table 22, and are useful in calculations of

volumes in hydrostatics. If w is 'the apparent weight

of water, and s its apparent specific volume, the true

volume V is given by the equation (see 3),

V = ws. (5)

§ 156. Correction and Error.— Mistakes sometimes

arise from confu.sion between the terms " correction
"

and " error." If o is the observed magnitude of a quan-

tity, q, the error of observation is o— q. A correc-

tion is defined as a quantity which added algebraically
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to an observed magnitude (o) will give the true mag-
nitude (§'). It is equal, accordingly, to q

— o. If

the observed value is, greater than the true value, it

follows that the error is positive, the correction nega-

tive ; but if the observed value is less than the true

value, the error is negative and the correction posi-

tive. In every case the correction and the error are

equal and opposite.

If e is the '' probable error'''' of observation (see

§ 50), we have by definition,

o-\- e> q> — e, probably,

or in the conventionai system of representation (§ 53),

J= ± e.

The student must not be led by this expression to

imagine that the "probable error" of a result is to

be added to it or subtracted from it. He should

bear in mind that the so-called " probable error " is

not literally a^probable error (see § 50), but simply a

limit within which the error is ^probably confined.

Even if we knew the magnitude of the error, it

would still be impossible to correct for it, since the

sign is unknown. No matter how great the probable

error of our observations may be, results strictly cal-

culated from these observations are generally less

improbable than those obtained by making allowances

for errors which we do not know to exist.

11



NOTES

ARRANGEMENT OF MATHEMATICAL AND
PHYSICAL TABLES.

METHODS OF CONDENSATION.

The object of constructing mathematical or physi-

cal tables is to condense into a small space a large

number of results obtained either by calculation

or by observation. Ther6 are various well-known

methods by which condensation may be effected.

Thus, instead of writing

The square of the number 1 is 1.

The square of the number 2 is 4. I.

The square of the number 3 is 9.

etc. etc, etc.

we may express these results more concisely as

follows :
—

Numbers, Squarea

1 1

2 4

Numbers.

3

4

bquares.

9

.16

Numbers. Squares.

5 25

6 36

II.

or in a still more condensed form : —
Numbers. 1

Squares. 1

4

16 25

6

36

7 8

49 64

9

81
in.
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The fact that a certain column or line of figures

contains numbers, auolher the squares of these

numbers, is indicated by the words " numbers " or

"squares ' at the begiiniing of the column or line.

It is not, however, explicitly stated which number

each square corresponds to ; this is left to be iufened

from the proximity of the piiuted figures by whiuli

the squares and the numbers me represented. Thus

in either of the tables II. or III. above, the fact that

25 is the square of 5 is indicated by printing the 5

much nearer to the 25 than to any of the other

squares contained in the table.

Sometimes a heavy or a double line is used, as be-

tween the 9 and the 5 of the second table (II.), to

indicate a wide separation. In this case an arrange-

ment of figures similar to that in Table II., is to be

interpreted in accordance with the fact that 25 (not

.9) is the squai-e of 5, even if the 9 is closer, than

the 25 to the figure 5.

It is occasionally desirable to print side by side

on the same page the results of performing different

operations upon a given number. " Reciprocals,"

"square roots," "squares," and "cubes" might thus

be represented :
—

IV.

Numbers.
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It is obviously unnecessary in such cases to repeat

the same numbers in each alternate column ; and by

omitting to do so, as in V., considerable space is

gained.

Numbers. Reciprocals. Square Roots. Squares. Cubes.11111
2 5 141 4 8 V.

&c. &c. &u. &u. &c.

ARGUMENT, VARIABLE, AND FUNCTION DEFINKD.

Starting in such a table (see Table 2, page

798), in the left-hand column, with any number

between 1 and 100, we find in a line with it

its reciprocal, square root, square, or cube. The

number which one starts with is called the argu-

ment. Different values of the "argument" are al-

most always placed in the left-hand columji of a

table, and are printed in heavy type, so as to be dis-

tinguished from the rest of the table. The " argu-

ments " represent certain values of a quantity which

may or may not vary between wide limits. This

quantity is called in any case the " variable." It will

be seen by reference to Table 2 (page 798) that when

a number increases, its reciprocal diminishes ; but

that its square and its cube increase faster than the

number itself. The reciprocal, square, cube, &c., of

a variable are called /wwcte'ows of that variable Qfungo,

to perform). Logarithms, sines, cosines, &c., are also

callqd " functions
,

" and in general, whenever two

variable quantities are connected together, either by

mathematical or by physical laws, so that if the first
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is given the second may be found, the second is

called a " function " of the first. The name of a

table relates to the function which it represents. If

several functions are given in the same table (see V.)

the name of each is usually printed at the head of

each column or at the beginning of each line contain-

ing the function in question.

ORDINARY MATHEMATICAL TABLES.

When the argument and the function require each

3 or 4 figures to represent it, the same page cannot

conveniently contain more than 200 or 300 values of

each. If, however, the argument increases regularly

(as is generally the case), it is not necessary that it

should be printed opposite each value of the func-

tion. It is, in fact, sufficient that the argument

should be given for every 10th value of the function,

since the intermediate values of the argument can be

easily supplied. This principle is utilized in the or-

dinary arrangement of mathematical tables, and af-

fords a considerable saving of space.

Different values of tlie argument, corresponding in

such tables to every 10th value of the function, are

placed in a column at the left of the page. Opposite

them, in a second column, the corresponding values

of the function are given.

Thus in the first two columns of Table 3, G^ (page

810),relatingtothe areas of circles, we find

VL

10
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Tlie letters Diam. are printed over the first column

to show that it relates to the diameters of circles.

The words " Areas of Circles " apply to the second

as well as to the succeeding columns. We see, there-

fore, that a circle having a diameter equal to 10

units of length, must have an area equal to 78.5

units of area (as nearly as the result can be expressed

by three figures). The use of the first two columns

by themselves does not difi'er in any respect from

cases which we have already' examined.

It has, however, been stated that the first two col-

umns give only every 10th value of the argument and

function. The functions of "round numbers" are in

fact confined to the second column, which is accord-

ingly headed 0, Intermediate values of the function

are contained in the succeeding columns, headed by

the numbers 1, 2, 3, 4, 5, 6, 7, 8, 9. The values are

arranged so as to follow in regular succession when

read from left to right like a page of ordinary print.

This succession should be continued in passing from a

number in the column headed 9, to the number in

the next line in the column headed 0. The table

for the areas of circles becomes accordingly :
—

Diam. .0 .1 .2 -3 .4 .5 .6 .7 .8 .9

10 78.5 80.1 81.7 83.3 84.9 86.6 88.2 89.9 91.6 93.3

11 95.0 96.8 98..5 100.3 102.110.3.9 105.7 107.5 109.4 111.2 VII.

12 113.1 115 116.9 118.8 120.8 122.7 124.7 126.7 128.7 130.7

&o. &c. &c. &c. &c. &c. fee. &o. &c. &c. &c.

The chief peculiarity of a table constructed in this

way is that, instead of printing the argument at the

left of each value of the function, as in IV., part of
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the argument is to be found at the left of the line

containing the function, while the remainder of the

argument— usually a single figure— is placed at the

head of the column containing the function. The
areas in the first line of the main body of the table

(VII.) correspond, accordingly, to the diameters 10.0,

10.1, 10.2, &c., those in the next line to 11.0, 11.1,

11.2, &c., &c.

The argument corresponding to any number in a

given column and line may always be found by the

following rule : Add the figure at the head of the

column to the figures at the left of the line to find

the argument in question. In making this addition,

attention must of course be paid to decimal points,

which in cases of doubt are given both at the

head of each column and at the left of each line. If

the decimal point is omitted in either of these two

places, it may be taken for granted that the figure at

the head of the column is to be written after the fig-

ures at the left of the line.^ Thus in Tables 47 and

48, page 897, since the first column contains latitudes

0°, 10°, &c., while at the head of the columns we find

0°, 1°, 2°, &c., we infer that the first line refers to lat-

itudes 0°. 1°, 2°, &c., while the second refers to 10°,

ir, 12°, &c. In table 3, F (page 809), however, in

the absence of any decimal point in the left-hand

column, we infer that the figures in that column, 10,

1 For an arrangement of tables (having certain advantages) in

vfhich the reverse is taken for granted, see Pickering's Physical Man-

ipulation, Vol. II.
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11, &c., are simply to be prefixed to the figures 10,

20, &c., in the top line.

The first line of " circumferences " relates, accord-

ingly, to circles with the following diameters : 1000,

1010, 1020, &c. ;. while the diameters corresponding

to the second hne of circumferences are 1100, 1110,

1120, &c.

EXTENSION OP TABLES.

Most tables contain arguments reaching from 1, 10,

or 100 to a value 10 times as great,^ so that it is pos-

sible to find the value of a function corresponding, if

not to a given argument, at least to some decimal

multiple or submultiple of that argument. From

this the desired result may often be obtained by point-

ing off the proper number of decimal places. Thus

to find the circumference of a circle 300 cm. in di-

ameter, we observe that 300 cm. = 3000 mm., and

that the corresponding circumference is (see Table

3, F, page 808) 9425 mm., or 942.5 cm. Again, in

finding the area of this circle, we reduce the di-

ameter (300 cm.) to decimetres; and starting with

the result (30.0 decim.) as an argument, in Table

3, G (page 810), we find the area to be 706.9 sq.

decim. or 70690 sq. cm. (since 1 sq. decim. = 100 sq.

1 Tables of reciprocals, squares, cubes, logarithms, &c., often

reach from 1 to 11 instead of from 1 to 10. The extension of such

tables from 10 to 11, though strictly involving a repetition, is of

great convenience in physical problems in which factors just above

unity are of comparatively frequent occurrence.
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em.). In finding the volume of a sphere wiih the

same diameter (300 cm.), we sliould reduce this diam-

eter to metres; then with the result (3.00 metres)

as an argument, we should find the volume of the

sphere to be 14.14 cuhie metres, according to Table 3,

H (page 812), or 14,140,000 cm. cm. (since 1 cubic

metre = 1,000,000 au. cm.). For the extension of-

tiigonometric or logarithmic tables beyond their natu-

ral limits, special rules must be observed (see explan-

ation of the tables, page 761 et seq.').

OMISSION OF CIPHERS, ETC.

It may be remarked that it is not customary to re-

peat initial ciphers or decimal points throughout the

whole of a table. These are given either at the head

of each column, or at the beginning of each 5th line.

In some books other omissions take place. It is well

always to look through a new table carefully before

deciding how it is to be read, and where the decimal

point is to be placed. A negative sign placed before

a number applies not only to the integral part of that

number, but also to the decimal part which follows.

A negative sign placed over a figure applies only to

that figure. If the figure is an integer followed by a

decimal, the integer is negative, the decimal positive.

In logarithmic tables, decimal points are frequently

omitted both in the argument and' in the -logarithm.

In such cases they are always understood to exist

after the first figure of the argument and before the

first figure of the logarithm.
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COMPLEMENTARY ARGUMENTS.

Some tables (for instance, Table 4, page 814) con-

tain two arguments. One of these is printed in the

ordinary manner, partly at the left and partly at the

top of the page, and is to be used in connection with

the function mentioned at the top of the page. The
other argument is printed partly at the right and

partly at the bottom of the page, and is to be used in

connection with the function named at the bottom of

the page. The object of this arrangement is to make

a double use of the figures in the body of the table.

An extra column of figures is ijsually added to avoid

certain difficulties. No number is placed at the head

of this column, and no attention is to be paid to it in

dealing with the functions named at the top of the

page. The argument corresponding to the function

at the bottom of the page is found, in the casie of a

number in a given column and line, by adding the

figure at the bottom of the column to the figures at

the right of the line. The values of the argument at

the right of a page increase upwards ; those at the

bottom of the page increase from right to left.

INDEPENDENT ARGUMENTS.

The two arguments employed in the class of tables

mentioned above are not independent, but represent

quantities each of which is usually the "comple-

ment " of the other. The Use of two independent

arguments introduces an entirely different kind of
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tables. The two arguments correspond in these

tables to two independent variables upon which the

value of the function depends. The first argument

is arranged in a column, usually at the left of the

table ; the second is arranged in a line, usually across

the top of the table. To find the value of a function

corresponding to given values of both arguments, we

follow the line containing the given valueof the first

argument until we reach the column containing the

given value of the second argument. Table 1 (which

is a form of multiplication table, see page 797) is an

example of the use of two independent arguments.

The first argument is a series of factors from 1 to 100,

arranged in column at the left of either half of the

table. The second argument is an independent series

of factors, .1, .2, .3 .4, .5, .6, .7, .8, .9, in the head-

line of either half of the table. The body of the

table consists in results obtained by multiplying these

two sets of factors together. The number occupying

a place in a given column and line is the product of

the number at the left of the line and the number at

the head of the column.

In a table with two independent arguments, the

nature of the function is usually given either in

the title or at one side of the figures representing the

function; the nature of the first argument is given at

the head or at one side of the column containing it

;

while the nature of the second argument is given

either at the beginning of the head-line of the table,

or just above this head-line.
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There is a second method of arranging tables with

two arguments, namely : to calculate a separate table

bf the ordinary sort for each value of one of the

arguments. Thus Table 16, A, consists of two parts,

one calculated for a value of the acceleration of grav-

ity equal to 980, the other for the value 981 cm. per

sec. per sec. A still greater number of such tables

would be necessary to cover all variations in gravity

(from 978 to 983) on the earth's surface.

The only way in which it is practicable to repre-

sent the value of a function depending upon three

independent variables is by means of a series of

tables containing two independent arguments, each

table being calculated for a special value of the

third variable. A complete 2-place table contain-

ing three independent arguments, each varying from

1 to 10, would ordinarily occupy about the same

space as a 4-place table with a single argument,

varying from 1 to 1000, let us say 2 pages. A
table with two independent arguments must occupy

about 20 pages in order that 3 figures should be

significant, and about 2000 pages to give significance

to 4 figures. The addition of a third independent

argument in the latter case would increase the table

to about 2,000,000 pages. It is obvious that the use

of tables containing more than 1 independent argu-

ment is practically reduced to cases where a rough

knowledge of a function is sufficient (as in the cal-

culation of corrections) or where one at least of the

variables, like the acceleration of gravity on the



PHYSICAL TABLES. 757

earth's surface, or the ordinary condition of atmos-

pheric temperature and pressure, is confined witliin

narrow limits.

PHYSICAL TABLES.

We have sepn that, in representing functions of two
variables, one argument is usually printed at the left

of the table, the other at the head of the table. A
similar arrangement is adopted when it is desired to

represent simultaneous variations in different physical

quantities due to temperature, pressure, or any other

single cause. The values of a given phj'sical quan-

tity are ari'anged either, as in Table 28, in a column

opposite the values of the argument to which they

correspond, or else, as in Table 31, in a line under-

neath the corresponding values of the argument.

The second argument in such tables is replaced hy

names, referring to a series of physical quantities.

These are usually different properties of a given sub-

stance, or a given property of different substances

;

but the arrangement may be applied to any set of

quantities which are affected by changes in a given

variable.

We have, furthermore, an arrangement peculiar to

purely physical tables, in which one argument consists

of a series of physical properties, while the other

argument consists of a series of substances to which

these properties belong. This arrangement is ad-

opted in Tables 8, 9, 10, 11, 12, &c. The names

of different substances are arranged in a column at
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the left of the table ; the names of different phys-

ical properties are printed at the heads of a series

of columns so as to form a line across the top of

the table. The body of the table contains numer-

ical values. The name of the property to which a

given number relates is to be found at the head of

the column containing that number; the name of the

substance to which it applies is to be found at the left

of the table in line with the number in question. The

names of the properties and of the substances should

be such that, when combined together, they form com-

plete defluitions of the physical quantities to which

the table relates. The numerical values are in each

column reduced, when practicable, to the C. G. S.

system ; when this is not practicable, a factor by

which this reduction may be effected, is placed in the

first line of the column. In any case the reduction

consists simply in moving the decimal point.

DIFFERENCES.

The differences between adjacent numbers in a

purely physical table (especially when, as in the cases

which follow, an alphabetical oi'der is observed) have

in general no special significance. In mathematical

tables, on the other hand, the use of such differences

is exceedingly important.

The difference between two adjacent numbers in a

table should theoretically, if represented at all, be

printed half-way between them as in VIII.
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1 1 2 1 3 1 4 1 656555
6 1 7 1 8 1 9 1 10 VIII.

5 5 5 6 5

11 1 12. 1 13 1 14 1 15

It is, however, customary if a given line or coltimil of

differences is constant, or nearly constant, to omit this

line or column, and instead to print the average value

of the differences thus omitted near where the end of

the line or column of diffeirences would naturally have

come. Table Vlll. would thus assume one of the

following forms :
—

IX.
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numbers in that line or column. On the other hand,

differences printed, as in X., between two lines or be-

tween two columns relate to pairs of adjacent numbers

one in each line or one in each column. Either set of

differences, if not needed, may of course be omitted.

Table 3, D (page 806), corresponds, for instance, to

form IX. without the lower line, or to form XII.

without the right-hand column of differences.

Instead of printing a series of numbers in the col-

umn of differences when they are exactly alike, it is

customary to print only one of them, situated as

nearly as possible in the middle of the space which

the whole series would occupy. This method of rep-

resenting differences is adopted in Tables S A, S C,

3 G, i, 4: A, 6, 5 A, &c. The difference between any

two consecutive values of the function is, in these

tables, approximately equal to the nearest number in

the column of differences. The use of this column

of differences will be found to effect a considerable

saving of time ^ in processes of interpblation. To ef-

fect a still greater saving of time in these processes, a

small table of " proportional parts " has been printed

in the table of logarithms (Table 6), beneath each

difference. The use of proportional parts for in-

terpolation will be explained below (see explanation

of Table 1).

1 It may be remarked that owing to necessary irregularities in tlie

differences which most tables of functions contain, the most accurate

results require that these differences should be calculated by actual

subtraction in each case.



USE AND EXPLANATION OP MATHEMATI-
CAL AND PHYSICAL TABLES.

Table 1 consists of products obtained by multiply-

ing any of the whole numbers (from 1 to 100) in the

left-hand column of either half of the table by the

decimals .1, .2, .3, .4, .6, .6, .7, .8, .9 at the head of the

table. The decimal pai't of the product is rejected in

tvery case, the units being increased by 1 if the frac-

tion is .5 or more. The table is useful in dividing

differences into 'parts proportional to the numbers 1,

2, 3, 4, 5, 6, 7, 8, 9, whence the name of the table.

It md,y be used in connection with any of the tables

which follow. Let us suppose that it is required to

find the sine of 12°.34 in Table 4, page 814. We find

the sine of 12°.3 (in the line with 12° and in the col-

umn with .3) to be .2130, while the sine of 12°.4 is

.2147. The first number (.2130) is too small ; the

second (.2147) is too great. The difference between

them is .0017, or 17 units in the last place, as indi-

cated by the nearest number in the column of differ-

ences. If 0°.l makes a difference of 17 units, 0°.04

should make a' difference of .04 -4- 0.1 X 17, that is,

6.8 or (nearly) 7 units in the last place. The same

result may be found by seeking in Table 1 a number
12
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opposite the difference (17) and under the figure (4)

foT vviich the interpolation takes place. The result

(7 units in the last place) is to be added to the sine

of 12°.3, because the sines increase when the angles,

increase — in other wordfe, because the diffei-ences

are positive. The sine of 12°.34 is accordingly

0.2130 + .0007 = 0.2137.

Again, to fiud the reciprocal of 6.789, by Table 3 A,

page 802, we observe that the reciprocal of 6.78 is

.14749, while that of 6.79 is .14728. The difference

between these reciprocals is-;— .00021, because the re-

ciprocals decrease as the numbers increase. Opposite

21 and under ^9 in Table 1 we find 19 ; hence the

answer is .14749— 00019= .14730. If we had used

the nearest number (22) in the column of differences

pf Table 3 A., instead of the actual difference (21),

we should have found similarly .14729 instead of

.14730. The true reciprocal happens to lie between

these two values.

Table 1 can be used also in inverse processes.

Let us suppose that it is required to find the cube

root of 800, by Table 3 D, page 806. We notice

that the cube of 9.28 is 799.2, just below 800, while

the cube of 9.29 is 801.8, just above 800 ; the differ-

ence being 26 units in the last place. The difference

between 799.2 and 800.0 is 8 units in the last place.

In line with the number 26 in the left-hand column of

Table 1, and over the number 8,^ we find .3. We see

1 When the exact number cannot be found amongst the propor-

tional parts we choose the one nearest to it.
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tfierefoi-e that the cube of 9.283 would be 800.0;

hence, conversely, 9.283 is the cube root of 800.

The use of proportional parts is especially recom-

mended when accuracy in the last figure is important.

The tables which follow have, however, been con-

structed with such fulness that interpolation will

generally be unnecessary, or readily carried on in the

head.

Table 2 contains several functions often needed,

and is intended for rough and rapid work. More

exact values of the functions will be found in Tables

3 A— 3 H, which follow.

Column a contains the " reciprocals " of the num-
bers in the first column from 1 to 100. The recipro-

cal of a number is defined as the quotient obtained

when unity is divided by the number in question.

Example : the reciprocal of 30 is .0333.

Column h contains the square roots of numbers

from 1 to 100. The square root of a 'number is de-

fined as a number which multiplied by itself would

give a product equal to the original number. Ex-

ample : the square root of 49 is 7.00<

Column c contains the squares of numbers from 1

to 100 ; that is, the products obtained when each

number is multiplied hj itself. Example : the square

of 40 is 1600<

Column d contains the cubes of numbers from 1 to

100. The cube of a number is defined as the result

of multiplying that number by the square of that num-

ber ; or as the result of multiplying that number three

times into unity. Example : the ci'.be of 6 is 125.
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Column e contains three-place logarithms (see under

Table 6) from 0.1 to 10.0. Example : the logarithm

of 2 is 0.301, correct to 3 places of decimals.

Column f contains the circumferences of circles

having diameters from .1 to 10.0. The circumference

is given in the same units as the diameter. Example

:

given the diameter 2.0. cm., the circumference is

6.28 cm.

Column g contains the areas, of circles having diam-

eters from .1 to 10.0. The area is given in units cor-

responding to the unit of length employed in meas-

uring the diameter. Example : given the diameter

2.0 cm., the area of the circle is 3.14 sq. cm.

Column h contains the volumes of spheres having

diameters from .1 to 10.0. The volume is given in

units corresponding to the unit of length employed

in measuring the diameter. Example : given the

diameter 2.0 em., the volume of the sphere is 4.19

cu. cm.

Table 3 contains principally 3-place trigonometric

functions, and is, like Table 2, intended for rough

and rapid work.

Column a contains angles from 0° to 90° ; covering

in all a right-angle.

Column b contains the tangents of angles. The
tangent of an (acute) angle is defined, with reference

to a right-angled triangle, as the ratio of the side

opposite it to the (shorter) adjacent side. Example :

the tangent of 15° is 0.268.

Column contains " arcs
;

" that is, in a circle of

radius unity, the length of the arcs intercepted by
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angles with their vertices at the centre of the circle.

"Arcs" are also called the "circular measures" of

angles. Example : 15° is . equal tp 0.262 in circular

measure ; or the arc of 15° is 0.262.

Column d contains the " chords " of angles. The

chord of an angle is defined, with I'eference to an

isosceles triangle, as the ratio of the side opposite the

vertical angle to, either of the two equal sides. Ex-

ample : the chord of 15° is 0.261.

Column e contains natural sines. The sine of an

angle is defined, with respect to a right-angled tri-

angle, as the ratio of the side opposite that angle to

the longest side, or hj'pothenuse. Example : the sine

of 15° is 0.259.

Columnf contains natural cosines. The cosine of

an angle is defined as the sine of the complement of

that angle (see i). Example : the cosine of 15° is

0.966.

Column g contains rates of vibration corresponding

to different arcs from 0° to 45°, through which for in-

stance a pendulum is vibrating. The arcs are meas-

ured from one side of the vertical to the other. The

rate' of vibration in a very small arc is taken as 1.

Example I. : if a pendulum vibrates once a second in

a very small arc, it will vibiate .99893 times a second

in an arc of 15° (i. e. 7^° on each side of the verti-

cal). Example II. : given the time of oscillation of

a magnet equal to 10 seconds in an arc of 45° ; re-

quired its time of oscillation in a very small arc.

Answer, 10 X .99037 = 9.9037 sec. Column g con-

tains also coversines from 45° to 90°.
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The coversine of an angle iiS defined as unity less

the sine of the angle. It is the same thing as the

versine of the complement of the angle. Versines

and coversines measure various errors introduced into

physical measurement when two lines which ought to

be parallel or perpendicular are inclined at a given

angle. The inclination of the two lines is to be

found in column a or in column i as the case may be.

Example I. : the shaft of a cathetometer (^ 262)

makes an angle of 89° with the horizon ; required

the error introduced in the measurement of vertical

distances. Answer, .00016 parts in 1, or ^^|o of 1 %.

Example II. : a magnet which should be horizontal

dips 10°; required the error in estimating its mag-

netism. Answer, .0152, or 1 ^-^^ t^^.

Column h contains secants, or the reciprocals of

cosines. Example': the secant of 15° is 1.035.

Column i contains the complements of the angles

contained in column a ; that is, the results of sub-

tracting these angles from 90°. Example : the com-

plement of 15° is 76°.

It may be remarked that the cotangent of an angle

is the tangent of its complement ; the cochord of an

angle is the chord of its complement; the cosecant of

an angle is the secant of its complement. These may
all be found, accordingly, by Table 3. Examples :

—
The cotangent of 16° = tangent of 76° = 3.732

The cochord of 16° = chord of 75° = 1,218

The cosecant of 16° = secant of 75° = 3.864

To find any function of the complement of an angle,
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we have only to look up that angle in column i, in-

stead of in column a.

Table 8 A is essentially a 4-place table of recipro-

cals from 1.00 to 11.09, carried out, however, to 5

places between 6.00 and 9.99. Examples: the re-

ciprocal of 2.73 is .3663 ; the reciprocal of 273 is

.003663.

Table 3 C is a 4-place table of squares from 1.00

to 9.99, carried out to 5 places between 10.0 and

11.09. Examples : the square of 3.14 is 9.860 ; the

square of 31.4 is 986.0. The square root of 1.25 is

is 1.12 nearly,- or more exactly, 1.118 (see under

Table 1).

Table 3 D is a 4rplace table of cubes from 1.00 to

9.99, carried out to 5 places from 10.0 to 11.09. Ex-

amples : the cube of 5.55 is 171.0 ; the cube of .555 is

.1710. The cube root of 800 is 9.283 (see under

Table 1).

Table B F contains the circumferences of circles

with diameters (diam.) varying from 1000 to 10090

by 10 units at a time. The results are carried out to

units. The differences in this table are either 31 or

32, from beginning to end. The mean difference is

31.416. Proportional parts corresponding to this

mean difference are printed at the bottom of the

table. The circumference is given in units of the

same magnitude as the diameter. Example I.: the

circumference of a circle 3600 cm. in diameter is

11310 cm. Example II. : given a circumference

iPjOOO metres, the diameter is 3180 metres, nearly ;

or more exactly, 3183 metres (see under Table 1).
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Table 3 G is a 4-place table containing the areas

of circles corresponding tc diameters (diam.) from

10.0 to 100.9. The area is given in units correspond-

ing to the unit of length in which the diameter is

measured. Example I. : diameter = 15.0 cm., area

= 176.7 sg. cm. Example II. : diameter = 55.5 mm.,

area = 2419 sq. mm. == 24.19 sq. cm. Example III.

:

area = 4000 sq. cm., diameter = 71.4 cm., nearly

;

more exactly, 71.36 cm. (see under Table 1).

Table 3 H contains the volumes of spheres cor-

responding to diameters from 1.00 to 10.09. The

volume is given in units corresponding to the unit of

length in which the diameter is measured. Example

I. : diameter = 11.1 mm. = 1.11 cm. : volume =
.539 cu. cm. = 589 cu. mm. Example II. : volume =
35.00 cu. cm., diameter := 4.06 em., nearly ; or more

exactly, 4.058 cm. (see under Table 1).

Table 4 is a 4-place table giving the natural sines

of angles from 0°.0 to 89°.9, when interpreted in the

ordinary manner by means of the argument at the left

and at the top of the page. Natural cosines may
also be found by means of this table, by using the

argument at the right and at the bottom of the page.

Example I. : the sine of 80°.0 is 0.5000. Example

II. : the cosine of 30°.0 is .8660.

Table 4 A is a 4-place table giving the logarithmic

sines (that is the logarithms of the sines) of angles

from 0°.0 to 89°. 9, when read in the ordinary way.

Logarithmic cosines may be found through the ar-

gument at the right and bottom of the page. Ex-

ample I. : the logarithm of the sine of 30° is 1.6990.
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Example II. : the logarithm of the cosine of 30° is

1.9375.

Table 5 contains the natm'al tangents of angles

from 0°.0 to 89°.9. Natural cotangents from 45°.0 to

89^.9 may also be found by using the argument at

the right and bottom of the first half of the table.

Below this limit, they are not given ; but they may

be found by calculating the complement of the angle

and looking up its tangent. Example I. : the tan-

gent of 30° is 0.5774. Example II, : tlie cotangent

of 2'2°.5 = tangent of 77°.5 = 4.611.

Table 5 A is a 4-place table giving the loga^

rithmic tangents (that is, the logarithms of the tan-

gents) of angles when read in the ordinary way.

Logarithmic cotangents may also be found by using

the argument at the right and! at the bottom of the

page. Example I. : the logarithm of the tangent of

30°.0 is i.7614. Example II. : the logarithm of the

cotangent of 30° is 0.2386.

Table 6 is a 5-place table of the logarithms of

numbers from 1,O'0O to 11,009. A decimal point

is understood after the first figure of each number

and before the first figure of each logarithm. Ex-

ample : the logarithm of 2.000 is .30103.

When the decimal point of a number does not

follow the first figure, the corresponding logarithm

consists of two parts! The first part is a whole

number called the " characteristic " of the logarithm ;

the second or decimal part is called the " mantissa."

The "characteristic" of a logarithm is not to be

found in Table 6, but is to be supplied by inspection.
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Its numerical value is equal to the number of figures

between the decimal point of the argument and the

space following the first figure of the argument.

Thus the logarithm of the number 1.11 has the

characteristic ; while the characteristics of 11.1

and 111 are 1 and 2 respectively. The sign of the

characteristic is positive if the decimal point is at the

right of the first figure of the argument; if it is at

the left, the sign is negative. Thus the characteris-

tic of the logarithm of .1111 is — 1., the character-

istic of the logarithm of .01111 is — 2., &c. The

negative sign is in practice written over the char-

acteristic, as it affects this characteristic alone.

It is a peculiarity of logarithms that the " man-

tissa " is not affected by the location of the decimal

point in the original number. The logarithm of

1.111 (namely, 0.04571) is, for instance, the same as

the logarithm of 1,111. (namely, 3.04571), as far as

the mantissa is concerned. The mantissa or decimal

part of the logarithm of any number may be found,

accordingly, by Table 6, by considering only the fig-

ures of which the number is composed.

Initial and final ciphers may be thrown oif ad libi-

tum in this process : but ciphers in the middle of a

number form an essential part of it. Thus in finding

the decimal part of the logarithm of .000,100,100,

we need to consider only the figures 1001, since these

are preceded and followed only by ciphers ; but the

ciphers between the first and last figures cannot be

neglected. The following logarithms from Table 6

may also serve as examples :
—
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The- logarithm of 3.1416 is 0.49715

" -" " 980 " 2.99123

" " 41,700,000 " 7.62014

« " .00367 " 3.56467

Conversely, in finding the number corresponding to a

a given logarithm, we first obtain the figures of which

the number is composed by considering simply the

mantissa, or decimal patt of the logarithm, and to

these figures we add as many initial or final ciphers

as may be needed ; then starting with the space at

the right of the first figure (disregarding initial

ciphers) we count off to the right if the characteristic

of the logarithm is positive (or to the left if negative)

a number of spaces equal to the characteristic in ques-

tion, in order to locate the decimal point. In any

case the number of figures between the decimal

point and the space following the first figure of the

answer must be equal to the characteristic of the

logarithm.

Example I. : given the logarithm 0.14860, the fig-

ures of the corresponding number are 1408 ; the char-

acteristic of the logarithm being 0, the answer is 1.408.

Example II. : given the logarithm 3.14860, the man-

tissa being .14860 as before, we find the same figures,

1408. Since the characteristic (3) is positive, the

decimal point is at the right of the first figure, and

since 3 figures must come between the decimal point

and the space following the first figure, the answer is

1,408.
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The following rules embody the most important

applications of logarithms,— namely, to problems of

multiplication and division.

Rule 1. To multiply two or more numbers to-

gether, find the logarithm of each and add the loga-

rithms together. The number corresponding to their

sum is the required product. Example : to multi-

ply 2x4,

The logarithm of 2 is 0.30103

» " " 4 is 0.60206

The sum of these logarithms is 0.90309,

which is the logarithm of 8, the answer. Numbers

involving more than 3 significant figures may be mul-

tiplied together by the aid of logarithms with greater

ease than by arithmetical processes.

Rule 2. To^ divide one num>ber by another, find

the logarithm of the first, subtract the logarithmi of

the second ; the remainder is the logarithm of the

answer. Example : to divide 4 by 8,

The logarithm of 4 is 0.60206

" " " 8 " 0.90309

The difference is' T.69997,

which is the logarithm of 0.5, the answer.

Rule 3. To find the value of a fraction with sev-

eral factors, find the logarithm of each factor in the

numerator, and add the logarithms together. Then

find the logarithm of each term in the denominator,

and add these logarithms together. Subtract the
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latter sum from the formei' sum. The reniainder is

the logarithm of the answer. Example : to find the

value of the fraction

.2345 X 45.67 X 6,789 ^^^^^_
1.234 X 34.56 X 567.8'

(1) log. .2345 = 1.37014 (5) log. 1.234 = 0.09132

(2) " 45.67 = 1.65963 (6) " 34.56 = 1.53857

(3) " 6789 = 3.83181 (7) " 567.8 = 2.75420

(4) sum = 4.86158 (8) sum^ = 4.384y9

(9) subtract 4.38409

(10) remainder=047749 = log. 3.002 +, ans.

Rule 4- To raise a number to any power, flud its

logarithm, multiply by th« power, and the product is

the logarithm of the answer. Example : to find the

4th power of 2. The logarithm of 2 is 0,30103;

which multiplied by 4 gives 1.20412. This is the

logarithm of 16, the answer.

Mule 5. To extract any root of a number, find

the logarithm of the number and divide by the root

in question; the quotient is the logarithm of the

answer. Example : to find the 12th root of 2. The

logarithm of 2 is 0.30103 ; this divided by 12 gives

.02509, which is the logarithm of 1.0595, the answer.

(This is the value of the interval called 1 semitone

on the tempered scalE.)

Table 7 contains the probability of an error's ex-

ceeding limits bearing to the " probable error " (§ 50)

the ratios represented in the left-hand column. The

probability is expressed as so many chances in 1.

Example I. : the probable error of a weighing is 1
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centigram ; what are the chances of an error greater

than 1 centigram ? Answer, by definition, an even

chance or 0.50000. Example II. ; under the same

circumstances, what are the chances of an error's ex-

ceeding 2 centigrams ? Answer, 0.17734, i. e. 17,734

chances in 100,000, or about 1 chance in 6. Exam-

ple III. : under the same circumstances, what are

tlie chances of an error's exceeding 5 centigrams ?

Answer, 0.00075, or less than 1 in lOOO.i

Tables 8, 9, 10, 11, and 12 contain (1) the names,

(2) the chemical symbols, and (3) the atomic weights

of various substances, and deal with the following

physical properties: (4) the specific gravitj"^ (§ 69) of

gases and vapors referred to hydrogen at the same

temperature and pressure ; (5) the density (§ 15)

of substances at 0° under the ordinary atmospheric

pressure
; (6) the " viscosity " of liquids at about

20°, or the force in dynes required to maintain a

relative velocity of 1 cm. per sec. between two sur-

faces 1 cm. square and 1 cm. apart ; (7) the " surface

tension " of liquids (^1 169) at about 20°, or the force

in dynes with which each surface of a liquid film

1 COT. broad tends to contract ; (8) the " breaking

strength" of solids, or the force in kilo-megadynes^

required to break a wire 1 sq. cm. m cross section ;

(9) the " crushing strength " of solids, or the force

in kilo-megadynes required to crush a block 1 sq. cm.

1 The chances relate only to " accidental errors " (§ 24). The
chances of " mistakes " are not included.

2 1 kilo-megadyne = 1,02 " tonne weight," or 1 English ton weight,

nearly.
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in cross section; (10) the "shearing strength" of

solids, or the force in kilo-megadynes required to cut

a wire 1 sq. cm. in cross section; (11) the "hard-

ness " of solids according to Mohs' arbitrary scale

(page 587) ; (12) the " simple rigidity " of solids, or

the force in kilo-niegadynes requiried to make two

surfaces 1 em. square and 1 cm. apart move parallel

to one another through a thousandth of a centimetre

(.001 cm.') , (13) " Young's modulus," or the force in

kilo-megadynes required to pull two such surfaces

apart through one thousandth of a centimetre (.001

cm.) ; (14) the " resilience of volume " or the pres-

sure in kilo-megadynes required to compress a centi-

metre cube by one cubic millimetre ; (15) the average

cubical " coefficient of expansion " of substances ^

(§ 83) between 0° and 100° under a constant pres-

sure of 76 cm. of mercury ; (16) the " melting-point

"

of solids, or the "freezing-point" of liquids on the

Centigrade scale
; (17) the " boiling-point " of liq-

uids, or the " temperature of condensation " of

vapors at the atmospheric pressure ; (18) the " criti-

cal temperature " of liquids and vapors,— that is, the

temperature at which the properties of the liquid and

its vapor become indistinguishable ; (19) the " criti-.

cal pressure " of liquids and vapors, that is the pres-

sure of the vapor of a liquid at the critical tempera-

ture in megadynes per sq. cm.; (20) the "pressure

1 When a change of state takes place between 0° and 100° the

averages in question refer only to that part of the interval (0'^ to

100°) in which the substance exists in the state named at the head

of the table.
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of vapors " at 20°, in megadynes per sq. cm. ; (21)

the average specific heat of suhstajices -^ (§ 86) be-

tween 0° and 100°, under the " constant pressure
"

of 76 cm. of mercury; (22) the avej-age specific

heat of substances* between 0° and 100°, when pre-

vented from expanding; that is, confined to a " con-

stant volume; " (23) the "latent heat of melting "of

solids, or the "latent heat of liquefaction" of liquids;

that is, the number of units of heat required to cori-

vert 1 gram of a solid, at its melting-point, into a liquid

at the same temperature under a pressure of 1 atmos-

phere
; (24) the " latent heat of vaporization " of liq-

uids, or the " latent heat of condensation "' of vapors

;

that is, the number of units of h#at required to con-

vert 1 gram of a liquid at the boiling-point into

vapor at the same temperature under the atmospheric

pressure
; (25) the " heat conductivity" of substances,

or the number of units of heat conducted in one

second between two opposing faces of a centimetre

cube differing 1° in temperature
; (26) the " electri-

cal conductivity" of substances, or the current in

amperes flowing between two opposing faces of a cen-

timetre cube differing 1 microvolt (,000,001 volt) in

electrical potential (§ 139) ; (27) the " thermo-elec-

tric heights" of conductors, or the electromotive foi'ce

in microvolts developed by a thermo-electric junction

of which one element is lead, corresponding to a dif-

ference of temperature of 1°
; (28) " electro-chemical

equivalents," or the weight in milligrams.of various

1 See footnote, page 775.
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elementary substances affected by a curreRt of 10 am-

peres in 1 second ; (29) the specific inductive capacity

of substances detei'rained by currents alternating

several hundred times per second (^ 256) ; (30) the

minimum "extraordinary index of refi'aotion " of opti-

cal materials : (31) the " ordinary index of refraction"

of uniaxial crystals, or the " medium" index of refrac-

tion of biaxial crystals ; (32) the maximum " extraor-

dinary index of refraction " of different substances

—

these three indices referring to the sodium (D) line

;

(33) the ordinary (or medium) "index of disper-

sion," or the difference between the ordinary (or

medium) indices of refraction for the lines A and H
of the solar spectrum ; and finally (34) the solubility

of solids in water, expressed in per-cents by weight,

and the solubilitj' of gases, also in per-cents by

weight, under a pressure of 1 atmosphere-

The first line of each table contains factors by

which the values given in the column below them

may be reduced, to the c, G, s, system. Thus the co-

efficient of j^silience of aluminum (Table 8) is 0.5 (?)

X 101? =j 500,000,000,000(?), and the thermo-electric
'
' height of copper is about 4 X 100 = 400 absolute

units.

Table 8 contains the properties of elementary

substances.

Table 9 contains the properties of solids remark-

able especially for their strength or for other proper-

ties rendering them suitable for building njsterials or

for the construction oi machines.

13
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Table 9 A contains the properties of certain

chemical salts and other substances in ordinary use.

Table 10 contains the properties of solids remark-

able for their optical or other allied properties.

Table 11 contains properties of liquids.

Table 12 contains properties of gases and vapors.

Tables 13 A,'B, and C, give the (rttaximum) pres-

sure in megadynes per sq. cm. of the vapor arising

from various liquids at different temperatures.

Table 13 A contains substances which are for the

most part gaseous at ordinary temperatures.

Table 13 B contains more or less volatile liquids.

Table 13 C gives' the pressure of the vapor of

mercury, sulphur, and water, including the vapor

of water arising from sulphuric acid of different

strengths.

Table 13 D contains the "density of steam," or

the maximum density of aqueous vapor at different

temperatures.

Table 14 gives the boiling-points of water corres-

ponding to different barometric pressures from 68.0

to 77.9 centimetres of mercury reduced to latitude

45° (see Landolt and Bornstein, Table 20). Exam-
ple : when the barometer stands at 75.0 cm., water

boils at 99°.63.

Table 14 A gives dew-points (calculated from

Regnault's data) corresponding to different degrees of

temperature and " relative humidity." The " dew-

point" means that temperature at which moisture

would (barely) be precipitated out of the air (as

when dew is formed) ; the " relative humidity " is the
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proportion which the moisture contained in the air at

a given temperature bears to the maximum possible

amount which it can hold at that temperature. Ex-

ample I. : the air of a room at 20° is half saturated

with moisture (i. e. the relative humidity = 50 %);
required the dew-point. Answer, 9° Centigrade by

Table 14 A. Example II. : sea air saturated at 9°

with moisture is warmed to 20°; required the rela-

tive humidity. Answer, 50 %.

Table 15 shows at a given temperature (T) the

maximum pressure (P) of aqueous vapor in centi-

metres of mercury, the maximum density (D) of

aqueous vapor, and the factor (F) by which the differ-

ence between the readings of a wet and a dry bulb

thermometer must be multiplied in order to find the

difference between the dew-point and the tempera-

ture (T) of the air. The data have been taken from

Kohlrausch, Table 13, Landolt and Bornstein, Tables

18 a and 23, and from Everett's " Units and Physical

Constants," Art. 124. The first three columns are an

amplification of results contained in Table 13. The

last column is useful in hygrometry. Example : if

tl)e dry-bulb thermometer reads 20°, and the wet-bulb

thermometer reads 15°, so that the difference be-

tween them is 5°, we have (since F = 1.8), 5° X 1.8

=: 9°, which subtracted from 20° gives 11° for the

dew-point.

Table 16 A gives the specific heat of moist air at

about 50°, corresponding to different dew-points un-

der a constant pressure of 76 cm. of mercury. The

specific heat of dry air at 0° (.2383) is the mean be-
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tween the results obtained by Regnault and E.

Wiedemann. The other specific heaits have been cal-

culated by interpolation between the specific heats of

air and of steam (.4805).

Table 15 B gives the velocity of sound in atmos-

pheric air calculated for different degrees of temper-

ature and relative humidity, allowing for the effect of

moisture on the density of air and on the ratio of the

two specific heats of air under constant pressure and

under constant volume. The barometric pressure

(which has hardly a perceptible influence on the re-

sult) was assumed to be 76 cm. of mercur}'.

Table 15 C contains coefficients of interdiffusion

of gases. The values (due to Maxwell) are taken

from Everett's "Units and Physical Constants" (Art.

131). If two reservoirs filled with different gases

are connected by a tube 1 cm. long, the numbers in

Table 15 C show the mean velocity in oin. per see.

with which a stream of gas flows through the tube

from eacli reservoir into the other.

Table 16 is intended for the reduction of baro-

metric readings, when given, in inches, to centimetres.

The last line of the table contains " proportional

parts " (see under Table 1).

Tables 16 A and B are intended for the reduction

of barometric readings in cm, of mercurj'^ at 0® to meg-

adynes per sq. cm. A is calculated for a value of the

acceleration of gravity (g) equal to 980 cm. per see. per

sec. ; B for the value g= 981. The two tables differ

by about 10 units in the last place. For values of g
between 980 and 981, or just outside of these limits,
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results may be easily obtained by interpolation. Ex-
ample : ff = 980.4 ; required the value of 1 atmos-

phere (76 em.) in megadynes per sq. cm. Answer,
1.0126 + 11 X -4 — 1.0130 megixdjnes per sq. cm.

Table 17 gives the elevation in metres above the

sea-level corresponding to different barometric pres-

sures at 10° Centigrade. It has been calculated for

dry air in latitud© 45° by the formula

h = 190790 (log. 76— log. p) (1 + .000,0001 A).

It is used in estimating heights bf the barometer.

Example I. : the mean barometric pressure is 70.0

cm. at the top of a hill rising out of the sea, the sides

of the hill having a mean temperature of about 10°

;

required the height of the hill. Answer, about 681

metres. Example II. : the barometric pressures at

a given instant are 76.1 cm. at the foot of a hill, and

74.2 em. at the top of the hill,— the mean temperature

being about 10° ; risquired the height of the hill.

Answer, 199'— 99 — 100 metres.

Tables 17 A and 17 B give corrections in per

cent to be added to or subtracted from the results of

Table 17, according to the mean temperature and

dew-point between the observing stations. Thus for

a mean temperature 23° and the dew-point + 8° add

4.6 + 0.4 = 5.0 % to all results. This would make

the height of the hill in Example II., 105 (instead of

100) metres.

Table 18 a gives the correction in centimetres to

be subtracted (on account of expansion) from the

reading of a mercuriil;! barometer provided with a
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brass scale reaching from its zero in the surface of

mercury in the reservoir to the free surface of mer-

cury in the tube. In calculating this table, the coefiB-

cient of expansion of mercury was assumed to be

.000180 + .000,000,036 «; the value ,000019 was

taken for the coefficient of expansion of brass. Ex-

ample I. : the mercurial column is 76 cm. long, meas-

ured by a bi-ass scale, its temperature is 20°, we

subtract Q.245 cm.., and find 75.755 cm. for the vahie

at 0°. Example II. : same as I. except that a glass

scale is used ; corrected value the same less .016 cm.,

that is, 75.739 cm.

Table 18 h gives the mean correction to be added

to the apparent height of the mercurial column on ac-

count of " capillarity," that is, the tendency of capil-

lary or in general small tubes to depress a mercurial

column (see Everett, 46 A, and Pickering, Table 12).

The correction depends, however, not only upon the

internal diameter of the barometer tube at the point

where the mercury stands, but also upon the height

of the " meniscus," which is different according to

the direction in which the mercurial column has

been moving. Corrections corresponding to differ-

ent heights of the meniscus are taken from Kohl-

rausch. Table 15, 6th ed. The results in this

table differ widely from those quoted in the 2d

edition.

Table 18 c contains corrections for the pressure of

mercurial vapor. They have been obtained by aver-

aging the results of Regnault, Hagen, and Hertz,

quoted in Landolt and Bornstein, Table 27. The
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results in question differ in some cases even in regard

to the position of the decimal point.

On account of the great disci'epaucy between the

results obtained by different observers, barometric

readings, even when corrected by Tables 18 a, 18 6,

and 18 c, are significant only as far as hundredths of

a centimetre.

Tables 18 d, 18 e, 18 /, and 18 g, contain factors

for the reduction of either the density or the volume

of a gas to 0° or to 76 cm. Example I. : the density

of coal-gas being .0005 at 20° and 75.0 cm., required

its density at 0° and 76 cm. Answer, .0005 X 1.0734

X 1.0133 = .00054 +. Exaimple II. : the volume of

a gas at 20° and 75 em. is 10.0 cu. cm,. ; required its

volume at 0° and 76 em. Answer, 100 X 0.9316

X 0-9868 = 91.9 cu. cm. If the gas were collected

over water at 20° we should subtract 1.74 cm. (see

Table 15) from the apparent pressure (75 cm.) and

find 73.26 cm. for the pressure of the gas. This

would give a factor .9640 instead of .9868, and a

result 89.8 cu. cm. in the example above.

Table 19 contains the density (or weight of 1

cu. cm.) of air corresponding to different tempera-

tures and pressures, and has been taken from Kohl-,

rausch, 2d ed., Table 6. It was calculated from

Eegnault's observations for latitude 45°.

Table 20 contains corrections for the results in

Table 19 to be applied on account of moisture. Ex-

ample : required the density of air at 20° and 76 cm.

pressure when the dew-point is> + 4° Centigrade.

.Answer, .001204.— .000004 = .001200.
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Table 20 A contains the weight of air displaced

l)y 1 gram of brass of the density 8.4, and is useful

in calculating effective weights (§ 64), Example: a

body is balanced by 100 grams of brass in air of the

density .001200 ; required the effective weight of the

body. Answer, 100 grams minus 100 X 0.000143

grams, or 99.9857 grams.

Table 21 contains factors for reducing apparent

weighings with brass weights to vacuo. The factors

'

correspond to different densities of the substance

weighed, as well as of the air in which the weighing

takes place. Example: a piece of glass of the den-

sity 2.5 is balanced by 100 grams of brass, in air of

the density .00120 ; required its true weight in vacuo.

Answer, 100 X 1.00034 = 100.034 grams.

Table 22 contains " apparent specific volumes " of

water ; that is, the space in cubic centimetres occupied

b}' a quantity of water weighing apparently 1 gram

when counterpoised in air with brass weights of the

density 8.4. The; apparent specific volumes corres-

pond to different temperatures and different condi-

tions of atmospheric density, and are useful especially

in calculations of volume or capacity in hydrostatics.

. Example : a flask holds apparently 1000 grams (1

litre, nearly) of water at 20°, when weighed, in air of

the density .00120 ; required the capacity of the flask.

Answer, 1000 X 1.00279 = 1002.79 eu. cm.

Table 23 contains true " specific volumes " of

water; that is, the space in cubic centimetres occu-

pied at various temperatures by a quantity of water

weighing actually 1 gram in vacuo. These values
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are reciprqcjils of those in Table 24, and are to be

used for the calculation of volumes corresponding to

trv,e weights in vacfio. Example: a piece of steel

displaces 100 grams of bqiling water ; required its

volume. Answer, 100 X 1.04311 = 104.311 cu. em.

Table 23 A gives the true specific yolume of mer-

cury at different temperajtures, and is us^d like Table

23. In calculating this table Regnault's value"

(13,596) for the.density of mercury at 0° was used, aiid

a coefficient of expansion .000180 + .000,000,036 t.

Table 23 B gives apparent specific volumes of

mercury when balanced by brass weights of the den-

sity 8.4 in air of the density .0012. It is used, like

Table 22, to calculate volumes and capacities. Exam-
ple : the apparent weight of mercury required to fill

a tube at 20° is lOO-grams ; required the capacity

of the tube. Answer, 100 X 0.073812 = 7.3812

cu. cm.

Table 24 contains the density of mercury at dif-

ferent temperatures. The values are reciprocals of

those contained in Table 28 A.

Table 25 contains the density of water at differ-

ent temperatures. A mean value, 1.00001, was |;aken

for the maxirnum density of water ( Kupffer's value is

1.000013). The relative densities lie between the

estimates of ilogsetti and Volkmann, founded upon

observations by Despretz, Hagen, Jolly, Kopp,

Matthiessen, Pierre, and Rossetti.

Table 26 contains the density of commercial

glycerine, calcula1;ed from observations pxade in the

Jefferson Physical Laboratory.
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Table 27 contains the density of dilute alcohol

corresponding to different temperatures and different

strengths. The values are a mean between results

obtained by numerous observers.

Table 28 gives the density, at 15°, of acids and

saline solutions corresponding to various strengths,

and is useful in making tests with a densimeter. See

Storer's " Dictionary of Solubilities." Example : the

density of some sulphuric acid is 1.807 at (about)

15°; required its strength. Answer (about) 88 ^.

Table 29 gives the boiling-points of solutions of

various strengths estimated by interpolation from

data contained in Storer's "Dictionary of Solubilities."

It furnishes an independent (and in processes of con-

centration by boiling a very convenient) method of

estimating the strength of such solutions. Thus a

solution of hydrate of sodium boiling at 120° is

known to have a strength of about 40 %.

Table 30 gives the specific heats of solutions of

different strengths at about 20°. It is useful in cer-

tain pi'ocesses in calorimetry (see ^^ 99-100). The

numbers were obtained by interpolation from results

contained in Landoltand Bornstein, Tables 71 and 72.

Those nearest the observed values are printed in

"heavier type.

Table 31 A gives the electrical conductivitj' of

solutions at about 18°. It shows the current in am-

peres which an electromotive force of one volt would

cause to flow through a metre-cube of the solutions in

question, or through a voltameter with plates 1 deci-

metre square and 1 cm. apart, filled with these sol.u-
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tions, neglecting the effects of polarization. The re-

sults must be multiplied by IG-^i (.000,000,000,01)

to reduce them to the c. G. S. system. The relative

values of different results are probably accurate

within 5 or 10 per cent, but their absolute values are

much less reliable.

Table 31 B gives Refractive and Dispersive in-

dices corresponding to the sodium (D) line for solu-

tions of different strengths, and was obtained by

interpolation from results quoted by Landolt and

Bornstein.

Table 31 C is intended to facilitate the preparation

of solutions of any desired strength, and for the cal-

culation of per cent contents from the ratio of two

constituents. Example : how many parts of salt

must be added to 100 of water to make a 20 % solu-

tion ? Let A := salt ; B = water, — the answer is

25 parts. Example 11. : a solution contains 100 parts

of sulphuric acid to 160 of water; required its

strength. Let A = water, B = sulphuric acid ; the

answer is : 60 % water, 40 % sulphuric acid.

Table 31 D gives coefficients of diffusion of saline

solutions in water at about 20°. The values were

calculated from Graihafn's data quoted in Cooke's

" Chemical Physics." Example : how much common

salt would escape by diffusion into pure water from a

20 % solution in 600,000 seconds through a layer 1.2

cm. thick and 8 sq. cm. in cross section ? Answer,

20 % of 600,000 X 8 X .000,0046 ^ 1.2= 3.68 grams.

Tables 31 E and F give the rotation in degrees of

the plane of polarization of different kinds of light
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corresponding to the Fraiinhofer lines A to H. U re-

fers to dilute solutions having such a depth that a

beam of light passing through an orifice 1 cm. square

meets just one gram of the dissolved substance.-' F
refers to the effect of plates 1 cm. thick.

Table 31 G relates to the effect of a magnetic field

in rotating the plane of polarization of light parallel

to the lines of force.

Table 31 H relates to (1) Magnetic Susceptibil-

ity, (2) Saturation, and (3) Permanent Magnetism,

—

that is, the magnetic moment of a unit cube of differ-

ent materials (1) in a "unit magnetic -field, (2) in an

infinite magnetic field, and (3) in space after the

magnetizing influence has been removed. The re-

sults are taken from Everett and Ganot.

Table 31 I contains some^of Weisbach's results for

the coefficient of friction of water moving with dif-

ferent velocities through tubes not far from 1 cm. in

diameter. The results have been reduced to the
"

the c. G. s. system.

Table 31 J gives coefficients of friction of solids

on solids, take;i from De Laharpe's " Notes et Form-

ules de I'lng^nieur."

Table 31 K contains coefficients of reflection, ab-

sorption, and transmission of radiant heat, from

Ganot's Physics.

Table 81 L contains estimates (by the author) of

the heat radiated at different temperatures by 1 sq.

^ The rotation is proportional, within more or less narrow limits,

to the strength of the solution; but may vary widely outside of these

limit;s. Cases of reversal even occur. See Landolit and Bornstein.
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cm. of blackened or perfectly radiating surface sur-

rounded by perfectlj' absorbing walls, or space at 0°-

The table was calculated by the formula—
^= log.-i (.0013 X («°+ 273°) — 1.8249)— .034,

which was found to reconcile various well-known

facts. Example : how much heat is required to main-

tain 1 sq. cm. of platinum at its melting-point (1900°)

for 1 sec. ? Answer, 10 (?) units.

^

Tables 82 A and 82 B give heats of combustion ^

in oxygen and in chlorine respectively, from data

quoted by Everett, by Landolt and Bornstein, and by

other authorities. The chemical reactions are not in

all cases such as actually take place ; but the table

gives the heat which it is supposed would be developed

if the reactions did take place. The last column

gives the electromotive forces developed by or neces-

sary to undo some of the reactions. Example: 2

grams of hydrogen uniting with 16.0 grams of oxy-

gen give out 69,000 units of heat, or 34.500 units

per gram of hydrogien. This is equivalent to 1440

megergs per mgr. of hydrogen consumed. To de-

compose water, an electromotive force of 1.49 volts

is required.

Table 83 gives " heats of combination " involving

more complicated chemical reactions than those which

tkke place in Bimple combustion.

1 This corresponds to 8 -|- volt-ampferes per candle-power.

2 The heat of combustion of many substances can be inferred only

from indirect processes. See experiment 38.
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Table 34 givjes contact differences of electrical po-

tential in volts. The data ave taken from Everett's

"Units and Physical Constants," Art. 206. Example:

a piece of zinc is brought into contact with a piece of

copper ; required the difference of electrical potential.

Answer, the zinc is positively electrified with respect

to the copper; the difference of potential is 0.750

volts.

Table 35 gives the electromotive force in volts of

voltaic cells of various sorts.

Table 36 gives the relation between electromotive

forces and the length in mm. of the spark which

they produce in ordinary atmospheric air, calculated

from Everett, Art. 192. Example: an induction

machine produces sparks 2.5 mm. long ; required the

difference of potential between its poles at the in-

stant. Answer, 9000 volts. Only the first two fig-

ures are significant in this answer.

Tables 37 a and h give specific resistances bf con-

ductors and insulators at 0°. The last column gives

the per cent of increase of all these resistances due

to a rise of temperature of 1° Centigrade.

Table 38 gives the specific resistances of electro-

lytes corresponding to various strengths. The resist-,

ances are in ohms, and apply to a centimetre cube of

the liquid. The probable error of the results is about

10 %. Relative values are probably not so inaccurate.

Example : required the resistance of a cubical Dan-

iell cell, with a plate of copper 10 X 10 cm., separated

by a layer of 20 % (crystallized) sulphate of copper

5 em. deep, and by a layer of 20 % (crystallized) sul-
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phate of zinc, also 5 cm. deep, from a plate of zinc 10

X 10 cm. Answer: the resistance of the copper so-

lution is 20 X 6 -4- (10 X 10) = 1 ohm ; that of the

zinc solution is the same ; hence the resistance of tlie

battery is 2 ohms.

Table 39 gives a comparison between the Fahren-

heit and Centigrade thermometers. Example : 98°. 6,

F = 37°.0, C.

Table 40 (Pickering, Table 14) gives a comparison

of hydrometer scales. Example : 40 Beaum^ for

liquids lighter than water corresponds to the density

0.830.

Table 41 gives lengths of waves of light in air,

intermediate between the numerous results quoted

by Landolt and Bornstein. The probable error is

about 1 unit in the last figure. Example : the Fraun-

hofer lines Di and D^, together designated Na (or D),

are due to sodium (symbol, Na) and occur in the yellow

of the spectrum. They correspond to number 50 on

Bunsen's scale, to numbers 1008 and 1007 on (Bun-

sen and) Kirchoff's scale, and have the wave-lengths

0.00005896 cm. and 0.00005890 cm. respectively.

Table 42 A refers to the imperial wire gauga adopt-

ed by the Board of Trade (Stewart & Gee, I. B.).

Table 42 B gives the Birmingham wire gauge

(b. w. g.). The results are intermediate between

those quoted in English, French, and German books.

The probable error is about 1 unit in the last figure.

Table 48 gives the number of vibrations corres-

ponding to a series of musical notes on the tempered

or isotonic scale, one half of a semitone apart. The
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designation of soine of these notes is given in the

left-hand or in the right-hand column. The former

is io be lised for " physical pitch," in which all

powers of the number 2- represent the note C ; the

right-hand column may be used for notes given by

American instruments txlned to "concert pitch."

The numbers between those corresponding to a given

note in the first and last columns may be taken to

represent the san:ife note acfeording to the old Stutt-

gart standard of pitch (A = 440, C = 264). Ex-

ample : the " middle C " of an American piano (in

the little octave), makes about 135.6 vibrations per

second, and corresponds to Cft physical jjitch.

Table 44 A gives redufctions of miniites and

seconds to thousandths of a degree. The num-

ber of minutes is first sought; the tenths of a

degree i^ill be found n6xt to it. Then in the

same section 'of the table (there are 6 sections) the

riearest ritimber of seconds is found, ahd next to

it the hundredths and thousSHdths of a degree. Ex-

ample :
23°27'13" = 2.3°. + 0°.4 + 0°.O54, nearly, or

23°.454.

Table 44 B gives the corl-ectidh td be added to

dates in diBFereht years to compare them with the

year 1891. ^Thus, Jdu. 1, lOh. Oili. 0^., A. M., 1899

;

correspond.^ to Jan. 1, lOh. Oni; Os. -j- Ih. 29iti. 28s:

A.M. = Jan. 1, llh. 29m. iSs. A.M. 1891. The dec-

lination of the feun alid the e^iiafeidh of tiitie will, for

ihstance, be the sariie oil th'dse tWo dates.

Table 44 C gives the gaiti df ^idefeal over mean

solar tiiiie.
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Table 44 D gives the sidereal time at Greenwich
mean noon for the 10th, 20th, and last day of every

month of the year 1891.

Table 44 E gives the semidiameter of the sun at

different times in the year.

Table 44 F gives the declination of the sun at

Greenwich me&n noon foir the year 1891. The sign

of the declination is to be found at the head of the

several Colurfliis (+ north, ^^ south).

Table 44 G gites the "equation of time" at

Greenwich mean noon for the year 1891. The signs

-f- and — at the head of the columns and elsewhere

^hdw whetbet the Sun is " fast " or " slow " respect-

ively ; + indicates that the sun passes the meridian

before nooii ;
-— after nooii.

Table 44 H gives certain astronomical data relat-

ing to the soilar system.

Table 45 gives the Right Ascension and Declinat-

tion of soinfe of the rtiodt impoltarit stars.

Table 46 gives latitudes, longitudes, and eleva-

tions of certain important places^

TABLtes 47 and 48 give respectively the acceleration

of gravity and the length of the seGonds pendulum

corresponding to different latitudes^ Example : since

the latitude of the Jeffef^ofi Physical Laboi'atbry of

Harvard College iS 42°22J' or 42°.38j the acceleration

of gravity is 980.87 crAi per^ He. per HH-.

Table 49 A and 49 B relate to the feduction of

iiieasurts to and frond the 6. 6. s. system.

Table 50 contains mathematical aiid physical con-

stants in frequent use.

14



SOURCES OF AUTHORITY.

Tables 1-3 H were prepared, in so far as possible,

from existing tables, by rejecting decimal places when

necessary. More than 3,000 values (including all

doubtful cases) were confirmed or determined by an

independent calculation. The results were printed

,with the ordinary precautions to avoid typographical

errors. Tables 4-5 A were obtained by transposing

Pickering's tables 6-9.

The logarithms of numbers from 1,000 to 10,000,

in Table 6, were printed directly from a copy of the

tables arranged by Mr. Oliver Whipple Huntington,

of Harvard College. The proofs were compared

with Bowditch's 6-place tables (Government Printing

Office, Washington, 1882). The logarithms of num-

bers from 10,000 to 11,000 were obtained by rejecting

figures in Chamber's 7-8-place tables. A special in-

vestigation was made in cases where the rejected

figures were 50 or 500. Stereotj'pe-proofs of all the

logarithms were compared with the tables of Gauss.

The table of probabilities as far as 5.0 is due to

Chauvenet. The remainder of the table was the

result of special calculation.
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The physical tables (Nos. 8 to 50) weie compiled

for the most part by the aid of results contaiued in

Laudolt and Boriistein's " Physico-Chemical Tables,"^

to which the reader is referred for a full exposition of

the evideuce upou which the selection of values has

been made. The author wishes to thank Professors

Landolt and Bornstein for looking over his manu-

script, for several useful suggestions, and for their

kind permission to utilize their results.

The author has quoted numerous data from Ever-

ett's " Units and Phj-sical Constants " (Macmillan,

1886). He has also made use of information given by

Professor Everett in choosing the unusually low value

* (4.17 X 10') for the mechanical equivalent of heat.

Among other books from which results have been

taken are the following : Cooke's Chemical Philos-

ophy, Deschanel's Natural Philosophy, Ganot's Phy-

sics, Hoffmann's Tabellen fiir Chemiker, Kohlrausch's

Leitfaden der Praktischen Phy.sik, das Nautisches

Jahrbuch, 1891, Pickering's Physical Manipulation,

Stewart and Gee's Practical Physics, Storer's Dic-

tionary of Solubilities, Trowbridge's New Physics,

and Weisbach's Mechanics.

These and other sources of authority have been

acknowledged in connection with the explanation of

tlie tables above ; but it was found impossible, in the

limited space which could be devoted to the tables,

to give authority for the separate data. It was,

1 Physikalisch-Chemische Tabellen von Dr. H. Landolt und Dr.

Richard Bornstein, Professoren. Verlag von Julius Springer, Montbi-

jou Platz 3, Berlin.
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mor&oveiT, coinsidered inexpedient to piesemt to stu-

dents, who would naturally be imaccustomed to

weighing evidence, the conflicting statenaents from

which the pi'obable values of many of the phj'sical

constants have to be estimated by scientifle men.

Caie has beeii taken, in all such cases, to give re-

sults intermediate between those obtained by different

observers. To do this, a considerable number of

figures was sometimes required ; but the use of fig-

ures, 7tot really significant, has been in so far as pos-

sible avoided. The last figure quoted in the results

is in general the only one in regard to which a differ-

ence of opinion was found to exist.

It is regretted that, owing to the necessity of

entrusting the composition to foreign printers j obvi-

ous imperfections of type will be found, especially in

the mathematical tables. In the expectation of re-

printing these tables at no distant date, corrections

and suggestions will be most gladly received.
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M A ,2 .3 ^ .5 .6 .7 .8 .9 M 4 .2 .3 .4 .5 .6 .7 ,8 .9

50 5 10 15 20 25 30 35 40 45
1 1 11 1 1 51 5 10 15 20 26 31 36 41 46
2 111112 2 52 5 10 16 21 26 31 36 42 47
3 1112 2 2 2 3 5:{ 5 11 16 21 27 32 37 42 48
4 112 2 2 3 3 4 54 5 11 16 22 27 32 38 43 49

5 112 2 3 3 4 4 5 55 6 11 17 22 28 83 39 44 50
6 112 2 3 4 4 5 5 56 6 11 17 22 28 34 39 45 50
7 112344 5 66 St 6 1117 23 29 34 40 46 51
8 1 2 2 3 4 5 '6 6 7 58 6 12 17 23 29 35 4146 52
9 12 3 4 5 5 6 7 8 59 6 12 J8 24 30 35 41 47 53

10 1 2 3 4 5 6 7 8 9 60 6 12 18 24 30 ,36 42 48 54
11 1 2 3 4 6 7 8 9 10 61 6 12 18 24 31 37 43 49 55
18 1 2 4 5 6 7 8 10 11 62 6 12 19 25 31 37 43 50 56
13 1 3 4 5 7 8 9 10 12 63 6 13 19 25 32 38 44 50 57
14 1 3 4 6 7 8 10 11 13 64 6 13 19 26 32 38 45 51 58

15 2 3 5 6 8 9 11 12 14 65 7 13 20 26 33 39 46 52 59
16 2 3 5 6 8 10 11 13 14 66 7 13 20 26 33 40 46 53 59
17 2 3 5 7 9 10 12 14 15 67 7 13 20 ;27 34 40 47 54 60
18 2 4 5 7 9 11 13 14 16 68 7 14 20 27 34 41 48 54 61
19 2 4 6 8 10 11 13 15 17 69 7 14 21 28 35 41 48 55 62

20 2 4 6 8 10 12 14 16 18 70 7 14 21 28 35 42 49 56 63
21 2 4 6 8 11 13 15 17 19 71 7 14 21 28 36 43 50 57 64
22 2 4 7 9 11 13 15 18 20 72 7 14 22 29 36 43 50 58 65
23 2 5 7 9 12 14 16 18 21 73 7 15 22 29 37 44 51 58 66
24 2 5 7 10 12 14 17 19 22 74 7 ,15 22 30 37 44 52 59 67

25 3 5 8 10 13 15 18 20 23 75 8 15 23 30 38 45 53 60 68
26 3 5 8 10 13 16 18 21 23 76 8 15 23 30 38 46 53 61 68
27 3 5 8 11 14 16 19 22 24 77 8 15 23 31 39 46 54 62 69
28 3 6 8 11 14 17 20 22 25 78 8 16 23 31 39 47 55 62 70
29 3 6 9 12 15 17 20 23 26 79 8 16 24 32 40 47 55 63 71

30 3 6 9 12 15 18 21 24 27 80 8 16 24 32 40 48 56 64 72
31 3 6 9 12 W 19 22 25 28 81 8 16 24 32 41 49 57 65 73
32 3 6 10 13 16 19 22 26 29 83 8 16 25 33 41 49 57 06 74
33 a 7 10 13 17 20 23 26 39 83 8 17 25 33 42 50 58 66 75
34 8 7 10 14 17 20 24 27 31 84 8 17 25 34 42 50 59 67 76

35 4 7 11 14 18 21 25 28 32 85 9 17 26 34 43 51 60 68 77
36 4 7 11 14 18 22 25 29 32 86 9 17 26 34 43 52 60 69 77
i>7 4 7 11 15 19 22 26 30 33 87 9 17 26 35 44 52 61 70 78
3» 4 8 11 15 19 23 27 30 84 88 9 18 26 35 44 53 62 70 79
39 4 8 12 16 20 23 27 31 85 89 9 18 27 36 45 53 62 71 80

40 4 8 12 16 20 24 28 32 36 90 9 18 27 36 45 54 63 72 81

41 4 8 12 16 21 25 29 83 37 91 9 18 27 36 46 55 64 73 82
42 4 8 13 17 21 25 29 34 38 93 9 18 28 37 46 55 64 74 83
43 4 9 13 17 22 26 30 34 39 93 9 19 28 37 47 56 65 74 84
44 4 9 13 18 22 26 31 35 40 94 9 19 28 38 47 56 66 75 85

45 5 9 14 18 23 27 32 86 41 95 10 19 29 38 48 57 67 76 86
46 5 9 14 18 23 28 32 87 41 9» 10 19 29 38 48 58 67 77 86
47 5 9 14 19 24 28 33 38 42 97 10 19 29 39 49 58 68 78 87
48 5 10 14 19 24 29 34 38 48 98 10 20 29 89 49 59 69 78 88
49 5 10 15 20 25 29 84 39 44 99 10 20 30 40 50 59 69 79 89

50 5 10 15 20 25 30 35 40 45 .100 10 20 30 40 50 60 70 80 90
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Table 3, A. Reciprocals. 803

M 01234&6789 °'<

6.0 0.16667 16639 16611 16584 16556 16529 16502 16474 16447 16420 "
6.1 16393 16367 16340 16313 16287 16260 16234 16207 16181 16155 ^'

6.2 16129 16103 16077 16051 16026 16000 15974 15949 15924 15898 ^«

6 3 15873 15848 15823 15798 15773 15748 15723 15699 15674 15649 "
6.4 15625 15601 15576 15552 15528 15504 15480 15456 15432 15408 '

6.5 0.15385 15361 15337 15314 15291 15267 15244 15221 15198 15175 ^'

6.6 15152 15129 15106 15083 15060 15038 15015 14992 14970 14948 ''

6.7 14925 14903 14881 14859 14837 14815 14793 14771 14749 14728 "

6.8 14706 14684 14663 14641 14620 14599 14577 14556 14535 14514 ^'

6.9 14493 14472 14451 14430 14409 14388 14368 14347 14327 14306 '^

7.0 0.14286 14265 14245 14225 14205 14184 14164 14144 14124 14104 ">

ri 14085 14065 14045 14025 14006 13986 13966 13947 13928 13908
7.2 13889 13870 13850 13831 13812 13793 13774 13755 13736 13717 '»

7.3 13699 13680 13661 13643 13624 13605 13587 13569 13550 13532
7.4 13514 13495 13477 13459 13441 18423 13405 13387 13369 13351 '»

7.5 0.13333 13316 13298 13280 13263 13245 13228 13210 13193 13175

7.6 13158 13141 13123 13106 13089 13072 13055 13038 13021 13004 "

7.7 12987 12970 12953 12937 12920 12903 12887 12870 12853 12837

7.8 12821 12804 12788 12771 12755 12739 12723 12706 12690 12674 '«

7.9 12658 12642 12626 12610 12594 12579 12563 12547 12531 12516

8.0 0.12509 12484 12469 12453 12438 12422 12407 12392 12376 12361

«.l 12346 12330 12315 12300 12285 12270 12255 12240 12225 12210 "

a 3 12195 12180 12165 12151 12136 12121 12107 12092 12077 12063

8.3 12048 12034 12019 12005 11990 11976 11962 11947 11933 11919

8.4 11905 11891 11876 11862 11848 11834 11820 11806 11792 11779 '»

8.5 0.11765 11751 11737 11723 11710 11696 11682 11669 11655 11641

8 6 11628 11614 11601 11587 11574 11561 11547 11534 11521 11507

8 7 11494 11481 11468 11455 11442 11429 11416 11403 11390 11377 "

8 8 11364 11351 11338 11325 11312 11299 11287 11274 11261 11249

8.9 11236 11223 11211 11198 11186 11173 11161 11148 11136 11123

9O0.11111 11099 11086 11074 11062 11050 11038 11025 11013 11001

9 1 10989 10977 10965 10953 10941 10929 10917 10905 10893 10881 "

9.2 10870 10858 10846 10834 10823 10811 10799 10787 10776 10764

9.3 10753 10741 10730 10718 10707 10695 10684 10672 10661 10650

9 4 10G38 10627 10616 10604 10593 10582 10571 10560 10549 10537

9.5 0.10526 10515 10504 10493 10482 10471 10460 10449 10438 10428

9.6 10417 10406 10395 10384 10373 10363 10352 10341 10331 10320

9 7 10309 10299 10288 10277 10267 10256 10246 10235 10225 10215

9.8 10204 10194 10183 10173 10163 10152 10142 10132 10121 10111

9 9 10101 10091 10081 10070 10060 10O50 10040 10030 10020 10010

10.0 0.10000.09990 9980 997ff 9960 9950 9940 9930 9921 9911 '"

10.1 .09901 9891 9881 9872 9862 9852 9843 9833 9823 9814
10.2 9804 9794 9785 9775 9766 9756 9747 9737 9728 9718

10.3 9709 9699 9690 9681 9671 9662 9653 9643 9634 9625
10.4 9615 9606 9597 9588 9579 9569 9560 9551 9542 9533

10 5 0.09524 9515 9506 9497 9488 9479 9470 9461 9452 9443 »

10.6 9434 9425 9416 9407 9398 9390 9381 9372 9363 9355

10.7 9348 9337 9328 9320 9311 9302 9294 9285 9276 9268
10.8 9259 9251 9242 9234 9225 9217 9208 9200 9191 9183
10.9 9174 9166 9158 9149 9141 9132 9124 9116 9107 9099
11.0 0.09091 90S3 9074 9066 9058 9050 9042 9033 9025 9017 '

11
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806 Cubes. Tables, D.

MO 1 2 34 567 S Q M.

1.0 1.000 1.030 1.061 1.093 1.125 1.158 1.191 1.225 1.260 1.295 "»

1.1 1.331 1.368 1.405 1.443 1.482 1.521 1.561 1.602 1.643 1.685 »'

l.a 1.728 1.772 1.816 1.861 1.S07 1.953 2.000 2.048 2.097 2.147 "
1.3 2.197 2.248 2.300 2.353 2.406 2.460 2.515 2.571 2.62S 2 686 "
1.4 2.744 2.803 2.863 2.924 2.986 3.049 3.112 3.177 3.242 3.308 "

1.5 3.375 3.443 3.512 3.582 3.652 3.724 3.796 3.870 3.944 4.020 '^

1.0 4.096 4.173 4.252 4.331 4.411 4 492 4.574 4.657 4.742 4.827 '^

It 4.913 5.000 5.088 5.178 5.268 5.359 5.452 5.545 5.640 5.735 '^

1.8 5.832 5.930 6.029 6.128 6.230 6.332 6.435 6.539 6.645 6.751 '"

1.9 6.859 0.968 7.078 7.189 7.301 7.415 7.530 7.645 7.762 7.881'"

2.0 8.000 8.121 8.242 8.365 8.490 8.615 8.742 8.870 8.999 9.129 '^'^

2.1 9.261 9:394 9.528 9.664 9.800 9 938 10.08 10.22 10.36 10.50 -
2.2 10.65 10.79 10.94 11.09 11.24 11.39 1154 11.70 11.85 12.01 '^

2.3 12.17 12.33 12.49 12.65 12.81 12.98 13.14 13.31 13 48 13.65 '«

2.4 13.82 14.00 14.17 14.35 14.53 14.71 14.89 15.07 15.25 15.44 '»

2.5 15.63 15.81 16.00 16.19 16.39 16.58 16.78 16.97 17.17 17.37 ''

5i.« 17.58 17.78 17.98 18.19 18.40 18.61 18.82 19.03 19.25 19.47 ''

2.7 19.68 19 90 20.12 20.35 20.57 20.80 21.02 21.25 21.48 21.72 ^'

2 8 21.95 22.19 22.43 22.67 22.91 23.15 23.39 23.64 23.89 24.14"
2.9 24.39 2464 24.90 25.15 25.41 25.67 25 93 26.20 26.46 26.73 ''

3.0 27.00 27.27 27.54 27.82 28.09 28,37 28.65 28.93 29.22 29.50 ='

3.1 29.79 30.08 30.37 30.66 30.96 31.26 31.55 31.86 32.16 32.46 '"

3.2 32.77 33.08 33.39 33.70 34.01 34.33 34.65 34.97 35.29 35.61 '^

3.3 35.94 36.26 36.59 36.93 37.26 37.60 37.93 38.27 3861 38.96 "
3.4 39.30 39.65 40.00 40.35 40.71 41.06 41.42 41.78 42.14 42.51 "

3.5 42 88 43.24 43.61 43.99 44.36 44.74 45.12 45 50 45.88 46 27 "'

3.6 46.66 47.05 47.44 47.83 48.23 48.63 49.03 49.43 49.84 50.24 "
3.7 50.65 51.06 51.48 51.90 52.31 52.73 53.16 53.58 54.01 54.44 «
3.8 54.87 55.31 55.74 56.18 56.62 57.07 57.51 57.96 58.41 58.86 "
3.9 59.32 5.a.7S 60.24 60.70 61.16 61.63 62.10 62.57 63.04 63.52 "

4.0 64.09 64.48 64 96 65.45 65.94 66.43 66.92 67.42 67.92 68.42 "
4.1 68.92 69.43 69.93 70.44 70.96 71.47 71.99 7.2.51 73.03 73.56 ''

4.2 74.03 74.C2 75.15 7509 76.23 76.77 77.31 77.85 78.40 78.95 ^'

4.3 79.51 80.06 80 62 81.18 81.75 82.31 82 88 83.45 84.03 84.60 "
4.4 85.18 85.77 86.35 8694 87.53 88.12 88.72 89.31 89 92 90.52 ™

4.5 91.13 91.73 92.35 92.96 93.58 94 20 94.82 95.44 96.07 96.70 ''

4.6 97.34 97.97 98.61 99 25 99.90 100.6 101.2 101.8 102.5 103.2 -
4.7 103.8 104.5 105.2 105.8 106.5 107.2 107.9 108.5 109.2 109.9 '

4.8 110.6 111.3 112.0 112.7 113.4 114.1 114.8 115.5 116 2 116.9 '

4.9 117.6 118.4 119.1 119.8 120.6 121.3 122.0 122.8 123.5 124.3 '

5.0 125.0 125.8 126.5 127.3 128.0 128.8 129.6 130.3 131.1 131.9 '

5.1 132.7 13-14 134.2 135.0 135.8 1366 137.4 138.2 139.0 139.8 '

5.2 140.6 141.4 142.2 143.1 143.9 144.7 145.5 146.4 147.2 148.0 *

5.3 148.9 149.7 150.6 151.4 152.3 153.1 154.0 154.9 155.7 156.6 "

5.4 157.5 158.3 159.2 100.1 161.0 161.9 162.8 163.7 164.6 165.5 '

5.5 16§4 167 3 168.2 169.1 170.0 171.0 171.9 172.8 173.7 174.7
'

5.6 175.6 176.6 177.5 178.5 179.4 180.4 181.3 182.3 183.3 184.2
">

5.7 185.2 186.2 187.1 188 1 189.1 190.1 191.1 192.1 193.1 194.1
"

5.8 195 1 196.1 197.1 198.2 199.2 200.2 201.2 202.3 203.3 204.3
"

5.9 205 4 206.4 207.5 208.5 209.6 210.6 211.7 212.8 213.8 214.9
"

6.0 216.0 217.1 218.2 219.3 220.3 221.4 222.5 223.6 224.8 225.9 "
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808 Circumferences of Circles. Table 3, f.

Eiam. 00. lO. 20. 30. 40. 50. 60. 70. 80. 90.
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fable 3, F. Circumferences of Circles. 809

Diam. 00. lO. 20« 30. 40. so. 60. 70. 80. 90.

55 17279
56 17593
57 17907
58 18221

59 18535

17310 17342
176^4 17656
17938 17970
18253 18284
18567 18598

17373 17404
17687 17719
18001 18033
18315 18347
18630 18661

17436 17467 17499
17750 17781 17813
18064 18096 18127
18378 18410 18441
18692 18724 18755

17580 17562
17844 17876
18158 18190
18473 18504
18787 18818

60 18850 18881 18912 18944 18975 19007 19038 19069 19101 19132
61 19164 19195 19227 19258 19289 19321 19352 19384 19415 19446
62 19478 19509 19541 19572 19604 19635 19666 19698 19729 19761
63 19792 19823 19855 19886 19918 19949 19981 20012 20043 20075
64 20106 20138 20169 20200 20232 20263 20295 20326 20358 20389

65 20420 20452 20483 20515 20546 20577 20609 20640 20672 20703
66 20735 20766 20797 20829 20860 20892 20923 20954 20986 21017
67 21049 21080 21112 21143 21174 21206 21237 21269 21300 21331
.68 21363 21394 21426 21457 21488 21520 21551 21583 21614 21646
69 21677 21708 21740 21771 21803 21834 21865 21897 21928 21960

70 21991 22023 22054 22085 22117 22148 22180 22211 22242 22274
71 22305 22337 22368 22400 22431 22462 22494 22525 22557 22588
72 22619 22651 22682 22714 22745 22777 22808 22839 22871 22902
73 22934 22965 22996 23028 23059 23091 23122 23154 23185 23216
74 23248 23279 23311 23342 23373 23405 23436 23468 23499 23531

75 23562 23593 23625 23656 23688 23719 23750 23782 23813 23845
76 23876 23908 23939 23970 24002 24033 24065 24096 24127 24159
77 24190 24222 24253 24285 24316 24347 24379 24410 24442 24473
78 24504 24536 24567 24599 24630 24662 24693 24724 24756 24787
79 24819 24850 24881 24913 24944 24976 25007 25038 25070 25101

80 25133 25164 25196 25227 25258 25290 25321 25353 25384 25415
81 25447 25478 25510 25541 25573 25604 25635 25667 25698 25730
88 25761 25792 25824 25855 25887 25918 25950 25981 26012 26044
83 26075 26107 26138 26169 26201 26232 26264 26295 26327 26358
84 26389 26421 26452 26484 26515 26546 26578 26609 26641 26672

85 26704 26735 26766 26798 26829 26861 26892 26923 26955 26986
86 27018 27049 27081 27112 27143 27175 27206 27238 27269 27300
87 27332 27363 27395 27426 27458 27489 27520 27552 27583 27615
88 27646 27677 27709 27740 27772 27803 27835 27866 27897 27929
89 27960 27992 28023 28054 28086 28117 28149 28180 28212 28243

90 28274 28306 28337 28369 28400 28431 28463 28494 28526 28557
91 28588 28620 28651 28683 28714 28746 28777 28808 28840 28871
92 28903 28934 28965 28997 29028 29060 29091 29123 29154 29185
93 29217 29248 29280 29311 29342 29374 29405 29437 29468 29500
94 29531 29562 29594 29625 29657 29688 29719 29751 29782 29814

95 29845



810 Areas of Circles. Tables, g

Biam. .0 ,1 .« ,3 .4 .5 ,6 .7 S »9 "it-

10 78.5 80.1 81.7 83.3 84.9 86.6 88.2 89.9 91.6 93.3 "

11 95.0 96.8 98.5 100.3 102.1 103.9 105.7 107.5 109.4 111.2 '»

12 113.1 115.0 116.9 118.8 120.8 122.7 124.7 126.7 128.7 130.7 ">

13 132.7 134.8 136.8 138.9 141.0 143.1 145.3 147.4 149.6 151.7 ''

14 153.9 156.1 158.4 160.6 162.9 165.1 167.4 169.7 172.0 174.4
^'

15 176.7 179.1 181.5 183.9 186 3 188.7 191.1 193.6 196.1 198.6
'*

16 201.1 203.6 206.1 208.7 211.2 213.8 216.4 219.0 221.7 224.3 ^'

n 227.0 229.7 232.4 235.1 237.8 240 5 243.3 246.1 248.8 251.6 *'

1« 254.5 257.3 260.2 263,0 265.9 268.8 271.7 2V4.6 277.6 280.6
''

19 283.5 286.5 289.5 292.6 295.6 298.6 301.7 304.8 307.9 311.0
"

20 314.2 317.3 320.5 323.7 326.9 330.1 333.3 336.5 339 8 343.1 "
21 346.4 349.7 353.0 356.3 359.7 363.1 366.4 369.8 373.3 376.7

»*

22 380.1 383.6 387.1 390.6 394.1 397.6 401.1 404.7 408.3 411.9 "*

23 415.5 419.1 422.7 426.4 430.1 4337 437.4 441.2 444.9 448 6
"

24 452.4 456.2 460.0 463 8 467.6 471.4 475.3 479.2 483.1 487.0 ''

25 490.9 494.8 498.8 502.7 506.7 510.7 514.7 518.7 522.8 526.9
"

26 530.9 535.0 539.1 .543.3 547.4 551.5 555.7 559.9 564.1 568.3 "
27 572.6 576.8 581.1 585.3 589 6 594.0 598.3 602 6 607.0 611.4

"
28 615.8 620.2 624.6 629.0 633 5 637.9 642.4 646.9 651.4 656.0 "
29 660.5 665.1 669.7 674.3 678.9 683.5 688.1 692 8 697.5 702.2

*'

30 706.9 711.6 716.3 721.1 725.8 730.6 735.4 740.2 745.1 749.9 "
31 754.8 759.6 764.5 769.4 774.4 779.3 784.3 789.2 794.2 799.2

">

33 804.2 809.3 814.3 819.4 824.5 829.6 834.7 839.8 845.0 850.1 "
33 855.3 860.5 865.7 870.9 876.2 881.4 886.7 892.0 897.3 902.6 ^'

34 907.9 913.3 918.6 924.0 929.4 934.8 940.2 945.7 951.1 956.6
"

35 962 968 973 979 984 990 995 1001 1007 1012
36 1018 1024 1029 1035 1041 1046 1052 1058 1064 1069
37 1075 1081 1087 1093 1099 1104 1110 1116 1122 1128
38 1134 1140 1146 1152 1158 1164 1170 1176 1182 1188 «

39 1195 1201 1207 1213 1219 1225 1232 1238 1244 1250

40 1257 1263 1269 1276 1282 1288 1295 1301 1307 1314
41 1320 1327 1333 1340 1346 1353 1359 1366 1372 1379
42 1385 1392 1399 1405 1412 1419 1425 1432 1439 1445

43 1452 1459 1466 1473 1479 1486 1493 1500 1507 1514
44 1521 1527 1534 1541 1548 1555 1562 1569 1576 1583

45 1590 1598 1605 1612 1619 1626 1633 1640 1647 1655 '

46 1662 1669 1676 1684 1691 1698 1706 1713 1720 1728

47 1735 1742 1750 1757 1765 1772 1780 1787 1795 1802

48 1810 1817 1825 1832 1840 1847 1855 1863 1870 1878

49 1886 1893 1901 1909 1917 1924 1932 1940 1948 1956

50 1963 1971 1979 1987 1995 2003 2011 2019 2027 2035

51 2043 2051 2059 2067 2075 2083 2091 2099 2107 2116 '

52 2124 2132 2140 2148 2157 2165 2173 2181 2190 2198

53 2206 2215 2223 2231 2240 2248 2256 2265 2273 2282

54 2290 2299 2307 2316 2324 2333 2341 2350 2359 2367

55 2376 2384 2393 2402 2411 2419 2428 2437 2445 2454



Table 3, Q. Areas of Circles. 811

liam. «0 .1 .2 .3 *4 «5 .6 *7 .8 .0 Oil.

55 2376 2S84 2393 2402 2411 2419 2428 2437 2445 2454
5G 2463 2472 2481 2489 2498 2507 2516 2525 2534 2543
57 2552 2561 2570 2579 2588 2597 2606 2615 2624 2633 »

58 2642 2651 2600 2669 2679 2688 2697 2706 2715 2725
59 2734 2743 2753 2762 2771 2781 2790 2799 2809 2818

60 2827 2837 2846 2856 2865 2875 2884 2894 2903 2913
' 61 2922 2932 2942 2951 2961 2971 2980 2990 3000 3009
62 3019 3029 3039 3048 3058 3008 3078 3088 3097 3107
63 3117 3127 3137 3147 3157 3167 3177 3187 3197 3207
64 3217 3227 3237 3247 3257 3267 3278 3288 3298 3308 '"

65 3318 3329 3339 3349 3359 3370 3380 3390 3400 3411
6G 3421 3432 3442 3452 3463 3473 3484 3494 3505 3515
6'? 3526 3536 3547 3557 3568 • 3578 3589 3C00 3610 3621
68 3632 3642 3653 3664 3675 3685 3696 3707 3718 3728
69 3739 3750 3761 3772 3783 3794 3805 3816 3826 3837

TO 3848 3859 3871 3882 3893 3904 3915 3926 3937 3948 "

Tl 3959 3970 3982 3993 4004 4015 4026 4038 4049 4060
72 4072 4083 4094 4106 4117 4128 4140 4151 4162 4174
73 4185 4197 4208 4220 4231 4243 4254 4266 4278 4289
74 4301 4312 4324 4336 4347 4359 4371 4383 4394 4406

75 4418 4430 4441 4453 4465 4477 4489 4501 4513 4524
76 4536 4548 4560 4572 4584 4596 4608 4620 4632 4645 "

77 4657 4669 4681 4693 4705 4717 4729 4*42 4754 4766
78 4778 4791 4803 4815 4827 4840 4852 4865 4877 4889
79 4902 4914 4927 4939 4951 4964 4976 4989 5001 5014

80 5027 5039 5052 5064 5077 5090 5102 5115 5128 5140
81 5153 5166 5178 5191 5204 5217 5230 5242 5255 5268
82 5281 5294 5307 5320 5333 5346 5359 5372 5385 5398 "

83 5411 5424 5437 5450 5463 5476 5489 5502 5515 5529
84 5542 5555 5568 5581 5595 5608 ' 5621 5635 5648 5661

85 5675 5638 5701 5715 5728 5741 5755 5768 5782 5795
86 5809 5822 5836 5849 5863 5877 5890 5904 5917 5931
87 5945 5958 5972 5986 5999 6013 6027 6041 6055 6068
88 6082 6096 6110 6124 6138 6151 6165 6179 6193 6207
89 6221 6235 6249 6263 6277 6291^ 6305 6319 6333 6348 »

90 6362 6376 6390 6404 €418 6433 6447 6461 6475 6490

91 6504 6518 6533 6547 6561 6576 6590 6604 6019 6633
92 6648 6662 6677 6691 6706 6720 6735 6749 6764 6778
93 6793 6808 6822 6837 6851 6866 6881 6896 6910 6925

94 6940 6955 6969 6984 6999 7014 7029 7044 7058 7073

95 7088 7103 7118 7133 7148 7163 7178 7193 7208 7223 '^

96 7238 7253 7268 7284 7299 7314 7329 7344 7359 7375

97 7390 7405 7420 7436 7451 7466 7482 7497 7512 7528

98 7543 7558 7574 7589 7605 7620 7636 7651 7667 7682

99 7698 7713 7729 7744 7760 7776 7791 7807 7823 7838

100 7854 7870 7885 7901 7917 7933 7940 7964 7980 7986 "



812 Volumes of Spheres. Table 3, h.

Biam. 0123456789 "i'.

1.0 .524 .539 .556 .572 .589 .606 .624 .641 .660 .678 "

l.i .697 .716 .736 .755 .776 .796 .817 .839 .860 .882 ^i

12 .905 .928 .951 .974 .998 1.023 1.047 1.073 1.098 1.124 "

1.3 1.150 1.177 1.204 1.232 1.260 1288 1.317 1.346 1.376 1.40B ^^

1.4 1.437 1.468 1.499 1.531 1.563 1.596 1.630 1.663 1.697 1.732 "

1.5 1.767 1.803 1.839 1.875 1.912 1.950 1.988 2.026 2.065 2.105 '«

1.6 2.145 2.185 2.226 2.268 2.310 2.352 2.395 2.439 2.483 2.527 "

1.7 2.572 2.618 2.664 2.711 2.758 2.806 2.855 2.903 2.953 3.003
*»

1.8 3.054 3.105 3.157 3.209 3.262 3.315 3.369 3.424 3.479 3.535 "

1.9 3.591 3.648 3.706 3.764 3.823 3.882 3.942 4.003 4.064 4.126 «»

2 4.189 4.252 4.316 4.380 4.445 4.511 4 577 4.644 4.712 4.780 "

2

1

4.849 4.919 4.989 5.060 5.131 5.204 5.277 5350 5.425 5.500 "
2.2 5.575 5.652 5.729 5.806 5.885 5.964 6.044 6.125 6.206 6.288

">

2.3 6.371 6.454 6.538 6.623 6.709 6.795 6.882 6.970 7.059 7.148 "
2.4 7.238 7.329 7.421 7.513 7.606 7.700 7.795 7.890 7.986 8.083 ^
2.5 8.18 8.28 8.38 8.48 8.58 8.68 8.78 8.89 8.99 9.10 ">

2.6 9.20 9.31 9.42 9.53 9.63 9.74 9.85 9.97 10.08 10.19 "

2.7 10.31 10 42 10.54 10.65 10.77 10.89 11.01 11.13 11.25 11.37 '^

2.8 11.49 11.62 11.74 11.87 11.99 12.12 12.25 12.38 12.51 12.64 >'

2.9 12.77 12.90 13.04 13.17 13.31 13.44 13.58 13.72 13.86 14.00 '

3.0 14.14 14.28 14.42 14.57 14.71 14 86 15.00 15.15 15.30 15.45 "

3.1 15.60 15.75 15.90 16.06 16.21 16.37 16.52 16.68 16.84 17.00 "

3.2 17.16 17.32 17.48 17.64 17.81 17.97 18.14 18.31 18.48 18.65 "

3.3 18 82 18.99 19.16 19.33 19.51 19.68 19.86 20.04 20.22 20.40 "

3.4 20.58 20.76 20.94 21.13 21.31 21.50 21.69 21.88 22.07 22.26 "

3.5 22.45 22.64 22.84 23.03 23.23 23.43 23.62 23.82 24.02 24 23 2»

3.6 24.43 24.63 24.84 25.04 25.25 25.46 25 67 25.88 26.09 26.31 ^'

3.7 26.52 26.74 26.95 27.17 27.39 27.61 27.83 28.06 28.28 28.50 '^

3.8 28.73 28.96 29.19 29.42 29.65 29.88 30.11 30.35 30.58 30.82 ^'

3.9 31.06 31.30 31.54 31.78 32.02 32.27 32.52 32.76 33.01 33.26 "

4.0 33.51 33.76 34.02 34.27 34.53 34.78 35.04 35.30 35.56 .35.82 "
4.1 36.09 36.35 36.62 36 88 37 15 37.42 37.69 37.97 38.24 38.52 ^'

4.2 38.79 39.07 39.35 39.63 39.91 40.19 40.48 40.76 41.05 41 34 ^'

4.3 41.63 41.92 42.21 42.51 42.80 43.10 43.40 43.70 44 00 44.30 »»

4.4 44.60 44.91 45.21 45.52 45.83 46.14 46.45 46.77 47.08 47.40 "

4.5 47.71 48.03 48.35 48.67 49.00 49.32 4965 49.97 50.30 50.63 "
4.6 50.97 51.30 51.63 51.97 52 31 52.65 52.99 53.33 53.67 54.02 '*

4.7 54.36 54.71 55.06 55.41 55.76 56.12 56.47 56.83 57.18 57.54 '»

4.8 57.91 58.27 58.63 59.00 59.37 59.73 60.10 60.48 60.85 61.22 "

4.9 61.60 61.98 62.36 62.74 63.12 63.51 63.89 64.28 64.67 65.06 «•

5.0 65.45 65 84 66 24 66.64 67.03 67.43 67.83 68 24 68.64 69.05 *»

5.1 69.46 69.87 70 28 70.69 71.10 71.52 71.94 72.36 72.78 73.20 **

5.2 73.62 74.05 74.47 74.90 75.33 75.77 76.20 76 64 77.07 77.51 *•

5.3 77.95 78.39 78.84 79.28 79.73 80.18 80.63 8108 81.54 81.99 "
5.4 82.45 S2.91 83.37 83.83 84.29 84.76 85.23 85.70 86.17 86.64 "
5.5 87.11 87.59 88 07 88.55 89.03 89.51 90.00 90.48 90.97 91.46

*•



Table 3, 1!.



814 Natural Sines. Table 4.

Angle ,0 ,1 .2 .3 .4 ,5 .6 .7 .8 .9 CoiplBiaent mi.

0" 0000 0017 0035 0032 0070 0087 0105 0122 0140 0157 0175 89°

1 0175 0192 0209 0227 0244 0262 0279 0297 03140332 0349 80
2 0349 0366 0384 0401 0419 0436 0454 0471 0488 0506 0523 87
S 0523 0541 0558 0576 0593 0610 0628 0645 0663 0680 0698 86
4 0698 0715 0732 0750 0767 0785 0802 0819 0837 0854 0872 85

5 0.0872 0889 0906 0924 0941 0958 097,6 0993 1011 1028 1045 84
6 1045 1063 1080 1097 1115 1132,1149 1167 1,184 1201 1219.83
7 1219 1236 1253 1271 1288 ia05 1323 1340 1,357. 1374 1392 82
8 1392 1409 1426 1444 1461 1478 1495 1513 1530 1547 1564 81
9 1564 1582 1599 1616 1638 1650 1668 1685 1,702 1719 1736 80

10 0.1736 1754 1771 1788 1805 1822 1840 1857 1874 1891 1908 79
11 1908 1925 1942 1959 1977 1994 2011 2028 2045 2062 2079 78
13 2079 2096 2113 2130 2147 2164 2181 2198 2215 2233 2250 77 "

13 2250 2267 2284 2300 2317 2334 2351 2368 2385 2402 2419 70
14 2419 2486 2453 2470 2487 2504 2521 2538 2554 2571 2588 75

15 0.2588 2605 2622 2639 2656 2672 2689 2706 2723 2740 2756 74
16 2756 2778 2790 2807 2823 2840 2857 2874 2890 2907 2924 'JS

17 2924 2940 2957 2974 2990 3007 3024 3040 8057 3074 3090 7a
18 3090 3107 3123 3140 3156 3173 31§0 3206 3223 3239 3256 71
19 3256 8272 8289 3305 3322 8888 3855 3371 3887 3404 3420 70

20 0.3420 8437 3453 3469 3486 3502 3518 3535 3551 3567 3584 69
21 8584 3600 8616 8633 3649 8665 $681 3697 8714 3730 3746 68
22 3746 3762 3778 8795 8811 3827 8843 3S59 3875 3891 8907 67
23 3907 3923 3939 3955 8971 3987 4003 4019 4035 4051 4067 66 »
24 4067 4083 4099 4115 4131 4147 4163 4179 4195 4210 4220 65

25 0.4226 4242 4258 4274 4289 4305 4321 4837 4852 4368 4384 64
26 4384 4399 4415 4431 4446 4462 4478 4498 4509 4524 4540 63
27 4540 4555 4571 4586 4602 4617 4633 4648 4664 4679 4695 63
28 4695 4710 4726 4741 4756 4772 4787 4802 4818 4833 4848 61
29 4848 4863 4879 4894 4909 4924 4989 4955 4970 4985 5000 60

30 0.5000 5015 5030 5045 5060 5075 5090 5105 5120 5135 5150 59 "

31 5150 5165 5180 5195 5210 5225 5240 5255 5270 5284 5299 58
82 5299 5814 5829 5844 5358 5373 5388 5402 5417 5432 5446 57
33 5446 5461 5476 5490 5505 5519 5534 5548 5563 5577 5592 56
34 5592 5606 5621 5635 5650 5664 5678 5693 5707 5721 5786 55

35 0.5736 5750 5764 5779 5793 5807 5821 5835 5850 5864 5878 54
36 5878 5892 5906 5920 5934 5948 5962 5976 5990 6004 6018 53 "

37 6018 6032 6046 6060 6074 6088 6101 6115 6129 6143 6157 52
38 6157 6170 6184 6198 6211 6225 6239 6252 6266 6280 6293 51
39 6293 6307 6320 6334 6847 6361 6374 6388 6401 6414 6428 50

40 0.6428 6441 6455 6468 6481 6494 6508 6521 6584 6547 6561 49
41 6561 6574 6587 6600 6613 6626 6639 6652 6665 6678 6691 48 «

42 6691 6704 6717 6730 6743 6756 6769 6782 6794 6807 6820 47
43 6820 6833 6845 6858 6871 6884 6896 6909 6921 6934 6947 46
44° 6947 6959 6972 6984 6997 7009 7022 7034 7046 7059 7071 45°

Comileient »0 «8 .7 .6 .5^ .4 .3 .2 .1 .0 Annie

Natural Cosines.



Tabia 4. Natural Sines. 816

Angle .0 ! 42 .3 .4 .5 .G .7 .8 .9 Complement dh.

45° 0.7071 7083 7096 7108 7120 7133 7145 7157 7169 7181 7193 44°
46 7193 7206 7218 7230 7242 7254 7266 7278 7290 7302 7314 43 '"

47 7314 7325 7337 7349 7B61 7373 7385 7396 7408 7420 7431 43
48 7431 7443 7455 7466 7478 7490 7501 7513 7524 7536 7547 41
49 7547 7559 7570 7581 7593 7604 7615 7627 7638 7649 7660 40

50 0.7660 7672 7683 7694 7705 7716 7727 7738 7749 7760 7771 39
51 7771 7782 7793 7804 7815 7826 7837 7848 7859 7809 7880 38 "
52 7880 7891 7902 7912 7923 7934 7944 7955 7965 7976 7986 37
53 7986 7997 8007 8018 8028 8039 8049 8059 8070 8080 8090 36
54 8090 8100 8111 8121 8131 8141 8151 8161 8171 8181 8192 35

55 0.8192 8202 8211 8221 8231 8241 8251 8261 8271 8281 8290 34 '»

56 8290 8300 8310 8320 8329 8339 8348 8358 8368 8377 8387 33
67 8387 8396 8406 8415 8425 8434 8443 8453 8462 8471 8480 Ua
58 8480 8490 8499 8508 8517 8526 8536 8545 8554 8563 8572 31
59 8572 8581 8590 8599 8607 8616 8625 8634 8643 8652 8660 30 »

60 0.8660 8669 8678 8686 8695 8704 8712 8721 8729 8738 8746 29
61 8746 8755 8763 8771 8780 8788 8796 8805 8813 8821 8829 28
62 8829 8838 8846 8854 8862 8870 8878 8886 8894 8902 8910 27 «

63 8910 8918 8926 8934 8942 8949 8957 8965 8973 8980 8988 26
64 8988 8996 9003 9011 9018 9026 9033 9041 9048 9056 9063 25

65 0.9063 9070 9078 9085 9092 9100 9107 9114 9121 9128 9135 24
66 9135 9143 9150 9157 9164 9171 9178 9184 9191 9198 9205 23 '

67 9205 9212 9219 9225 9232 9239 9245 9252 9259 9265 9272 22
68 9272 9278 9285 9291 9298 9304 9311 9317 9323 9330 9336 21
69 9336 9342 9348 9354 9361 9367 9373 9379 9385 9391 9397 20 •

70 0.9397 9403 9409 9415 9421 9426 9432 9438 9444 9449 9455 19
71 9455 9461 9466 9472 9478 9483 9489 9494 9500 9505 9511 18
72 9511 9516 9521 9527 9532 9537 9542 9548 9553 9558 9563 il
73 9563 9568 9573 9578 9583 9588 9593 9598 9603 9608 9613 16 »

74 9613 9617 9622 9627 9632 9636 9641 9646 9650 9655 9659 15

75 0.9659 9664 9668 9673 9677 9681 9686 9690 9694 9699 9703 14
76 9703 9707 9711 9715 9720 9724 9728 9732 9736 9740 9744 13 *

77 9744 9748 9751 9755 9759 9763 9767 9770 9774 9778 9781 12
78 9781 9785 9789 9792 9796 9799 9803 9806 9810 9813 9816 11

79 9816 9820 9823 9826 9829 9833 9836 9839 9842 9845 9848 10

80 0.9848 9851 9854 9857 9860 9863 9866 9869 9871 9874 9877 9 »

81 9877 9880 9882 9885 9888 9890 9893 9895 9898 9900 9903 8
82 9903 9905 9907 9910 9912 9914 9917 9919 9921 9923 9925 7
83 9925 9928 9930 9932 9934 9936 9938 9940 9942 9943 9945 6 s

84 9945 9947 9949 9951 9952 9954 9956 9957 9959 9960 9962 6

85 0.9962 9963 9965 9966 9968 9969 9971 9972 9978 9974 9976 4
86 9976 9977 9978 9979 9980 9981 9982 9983 9984 9985 9986 3 '

87 9986 9987 9988 9989 9990 9990 9991 9992 9993 9993 9994 2
88 9994 9995 9995 9996 9996 9997 9997 9997 9998 9998 9998 1
89° 9998 9999 9999 9999 9999 1.0000 1.0000 1000.0 LOOOfl 1.0000 lOOOO 0° '

Complement *9 *8 ,7 «6 .5 .4 «3 ,9 a *o AnglB

Natural Cosines.



816 Logarithmic Sines. Table 4. a.

Angle .0 .1 .t .3 .4 .5 .6 .7 .8 .9 Com^lEHlBIlt on.

C-co 3.2419 3.6429 3.7190 8 8489 3.9408 S'.OaOO foSTO 2.1450 T.igei 2'.2419 89"—
1 2~2419 2.2S33 2T32IO 2^3563 SisSSO 2!4179 2!44o9 2'.4723 2'.4971 2!5206 2^542* 88 —
2 6423 6640 5842 6035 6220 6397 6567 6731 6389 7041 7188 87 —
3 7183 7330 7468 7602 7731 7857 7979 8098 8218 8326 8436 86 ~
4 8486 8543 8647 8749 8849 8946 9042 9135 9226 9315 9403 85 —

5 "9403 2!9489 2^9578 2"9655 279736 2?9816 2^9394 I" 9970 ".0046 "0120 ".0192 84 ^
6 r.0192 "0264 r.0334 l'.0403 T".0472 l'.0539 ".0005 1.0670 ".0734 r.0797 ".0859 83 ^
7 0359 0920 0931 1040 1099 1157 1214 1271 1336 1381 1436 82 ^

8 1436 1439 1542 1594 1646 1697 1747 1797 1847 1895 1943 81 "*'

9 1943 1991 2033 2085 2131 2176 2221 2266 2310 2853 2397 80 "

10 "2397 ".3439 r.2482 T.2524 ".2565 ".2606 ".2647 172637 r2727 ".2767 ".2806 79 "
11 2806 2846 2883 2921 2959 2997 8034 3070 3107 3143 3179 78 "
12 3179 3214 3249 8334 3319 3353 3387 3421 3455 3483 8531 77 '*

13 8631 3554 3536 3618 8650 3632 3713 3745 3775 3806 3837 76 "
14 3337 3367 3897 3927 8957 3986 4015 4044 4078 4102 4180 75 *'

15 r.4130 r.4158 ".4186 ".4214 ".4242 ".4269 "4296 ".4328 ".4350 ".4877 ".4403 74 "
16 4408 4430 4456 4482 4608 4533 4559 4584 4609 4634 4669 73 ^'

17 4659 4684 4709 4783 4757 4731 4806 4829 4353 4876 4900 72 "

18 4900 4923 4946 4969 4992 5015 5037 6060 5082 6104 5126 71 ^'

19 5126 6148 5170 5192 6218 5235 5356 5278 6299 5820 5341 70 ^'

20 r.5341 ~5361 r.6382 ".5402 ".6423 ".5443 ".5468 ~5484 1.5604 ".5528 ".5543 69 ^°

21 5543 5563 5583 5602 5621 5641 5660 6679 5698 5717 5736 68 "

22 6736 5754 5773 5792 5810 6323 5347 5865 5838 5901 5919 67 ''

28 6919 6937 5954 6972 5990 6007 6024 6042 6059 6076 6093 66 "

24 6093 6110 6127 6144 6161 6177 6194 6310 6227 6243 6269 65 "

25 r.6259 ".6276 ".6292 r.6308 r.6334 ".6340 ".6356 ".6371 ".6337 r.6403 ".6418 64 "

26 6418 6434 6449 6465 6430 6495 6510 6526 6541 6556 6570 63 "

27 6670 6535 6600 6615 6629 6644 6659 6673 6687 6702 6716 62 "

28 6716 6730 6744 6759 6773 6787 6801 6314 6328 6842 6356 61 "

29 6856 6869 6833 6896 6910 6923 6937 6950 6963 6977 6990 60

30 r.6990 r.7003 ".7016 ".7029 ".7042 ".7055 ".7068 ".7030 ".7093 ~7106 "7118 59 "

31 7118 7131 7144 7156 7168 7181 7193 7205 7218 7230 7242 58
32 7242 7254 7266 7278 7290 7302 7314 7336 7333 7849 7361 57 "

33 7861 7378 7384 7896 7407 7419 7430 7442 7463 7464 7476 56
34 7476 7487 7498 7509 7520 7631 7542 7553 7564 7575 7586 55 "

35 1.7536 "7597 r.7607 ".7618 1.7629 ".7640 ^7650 ~7661 ".7671 ".7683 ".7692 54
36 7692 7703 7713 7728 7734 7744 7764 7764 7774 7785 7795 53
37 7795 7805 7815 7825 7835 7344 7864 7864 7874 7834 7893 52 "
88 7893 7903 7913 7922 7933 7941 7951 7960 7970 7979 7939 51
39 7989 7993 8007 8017 8026 8035 8044 8053 8063 3072 8081 50

40 ".8031 ".8090 ".8099 r.3108 ".8117 ".8125 ".8134 ".3143 ".8152 ".8161 "3169 49 '

41 8169 8178 8187 8195 8204 8213 8231 3230 8238 8247 8255 48
42 8255 8364 8272 8280 8289 8297 8305 3318 8822 3330 8338 47
43 8338 8346 8354 8362 3370 8373 8386 8394 8402 8410 8418 46
44° 8418 8426 8433 8441 8449 8457 8464 8472 8480 8487 8496 45° '

Complment •» .8 .7 .6 .5 .4 .3 .2 .1 .0 Anjie

Logarithmic Cosines.



fable 4. A. Logarithmic Sines. 817

iEgie .0 .1 .2 .3 .4 .5 .6 .7 .S .9 Complement m
45° r.8495 r.8502 ~8510 ~8517 "8525 ~8532 ".8640 ".8647 "8565 ~8562 1.3569 44°

46 8569 8677 8384 6591 8598 8606 8613 8630 8627 8634 8641 43
47 8641 8648 8665 8663 8669 8676 8683 8690 8697 8704 8711 42 '

48 8711 8718 8724 8731 8733 8746 8761 8768 8765 8771 8778 41
49 8778 8784 8791 8797 8804 8810 8317 8823 8830 8836 8843 40

50 "8848 ".8849 ~8865 "8362 ~8863 "8874 r!8880 ^8887 ".8893 118899 iT8905 39
51 8905 8911 8917 8923 8929 8935 8941 8947 8953 8959 8965 38 ^

52 8965 8971 8977 8983 8989 8995 9000 9006 9012 9018 9023 37
53 9023 9029 9035 9041 9046 9052 9057 9063 9069 9074 9030 36
54 9080 9085 9091 9096 9101 9107 9112 9118 9123 9128 9134 35

55 ".9134 ".9139 ".9144 1.9149 ".9155 ".9160 ".9165 ".9170 ".9175 ".9181 ".9136 34
66 9136 9191 9196 9301 9306 9311 9216 9321 9326 9331 9236 33 '

57 9236 9241 9246 9251 9255 9260 9265 9270 9376 9379 9234 32
58 9234 9289 9294 9293 9303 9308 9312 9317 9322 9326 9331 31
59 9331 9336 9340 9344 9349 9363 9368 9862 9367 9371 9376 30

60 ".9376 ".9380 ".9334 ".9338 1.9393 ".9397 ".9401 ".9406 "9410 ".9414 ".9413 29
61 9418 9422 9427 9431 9436 9439 9443 9447 9461 9456 9469 28
62 9459 9463 9467 9471 9476 9479 9483 9487 9491 9495 9499 27 *

63 9499 9503 95o6 9510 9614 9618 9622 9625 9529 9633 9637 26
64 9537 9640 9544 9648 9651 9555 .9568 9562 9566 9569 957S 25

65 "9673 ~9676 .".9680 ".9533 ".9637 ".9690 ".9594 ".9597 ".9601 ".9604 ".9607 24
66 9607 9611 9614 9617 9621 9624 9627 9631 9634 9637 9640 23
67 9640 9643 9647 9650 9663 9656 9659 9663 9666 9669 9672 22
68 9672 9675 9673 9681 9634 9637 9690 9693 9696 9699 9702 21 '

69 9702 9704 9707 9710 9713 9716 9719 9722 9724 9727 9730 20

70 ".9730 r.9733 ".9735 ".9738 ".9741 ".9743 ".9746 ".9749 ".9761 1.9754 ".9757 19
71 9757 9769 9762 9764 9767 9770 9772 9776 9777 9780 9782 18
72 9732 9786 '9787 9789 9792 9794 9797 9799 9801 9804 9806 17
73 9806 9803 9311 9313 9815 9817 9820 9822 9824 9826 9828. 16
74 9828 9831 9333 9835 9337 9839 9841 9843 9846 9847 9349 15

75 ".9349 ".9351 ".9353 ".9355 ".9857 ".9859 ".9361 ".9363 ".9365 "9367 ~9S69 14 ^

76 9869 9371 9873 9875 9876 9878 9930 9882 9884 . 9335 9387 13
77 9887 9389 9391 9392 9394 9396 9897 9899 9901 9902 9904 12
78 9904 9906 9907 9909 9910 9912 9913 9915 9916 9918 9919 11

79 9919 9921 9922 9934 9926 9927 9928 9929 9931 9932 9934 10

rO ~9934 ~9935 ".9936 ".9937 1.9939 ".9940 1.9941 19943 ~9944 ".9945 ".9946 9
81' 9946 9947 9949 9960 9951 9952 9963 9964 9965 9956 9953 8
82 9958 9969 9960 9961 9962 9963 9964 9965 9966 9967 9968 7 '

83 9963 9968 9969 9970 9971 9972 9973 9974 9975 9975 9676 6
84 9976 9977 9973 9973 9979 9980 9981 9931 9932 9983 9983 5

85 ".9983 ".9984 ~9985 ".9986 ".9986 7.9987 ".9937 ~9983 ~9938 ~9989 ".9989 4
86 9989 9990 9990 9991 9991 9992 9992 9993 9993 9994 9994 3

87 9994 9994 9995 9995 9996 9996 9996 9996 9997 9997 9997 2

88 9997 9993 9993 9998 9998 9999 9999 9999 9999 9999 9999 1

89° 9999 9999 0000 0000 0000 OCDO 0000 0000 0000 0000 0000 0°°

Compiemeut .» .8 .7 .6 .5 .4 .3 .2 .1 ,o Aigia

Logarithmic Cosines.



818 Natural Tangents. Table 5,

.0 «l *2 .3 ,4 *5 <6 «7 «8 .9 comilement m.

0° 0.0000 0017 0035 0052 0070 0087 0105 0122 0140 0157 0175 89"
1 0175 0192 0209 0227 0244 0262 0279 0297 0314 0332 0349 88
2 0349 0367 0384 0402 0419 0437 0454 0472 0489 0507 0524 81
3 0524 0542 0559 0577 0594 0612 0629 0647 0664 0682 0699 8»
4 0699 0717 0734 0752 0769 0787 0805 0822 0840 0857 0875 85

5 0.0875 0892 0910 0928 0945 0963 0981 0998 1016 1033 1051 84
e 1051 1069 1086 1104 1122 1139 1157 1175 1192 1210 1228 83
7 1228 1246 1263 1281 1299 1317 1834 1352 1370 1388 1405 82
8 1405 1423 1441 1459 1477 1495 1512 1530 1548 1566 1584 81
9 1584 1602 1620 1638 1655 1673 1691 1709 1727 1745 1763 80

10 0.1763 1781 1799 1817 1835 1853 1871 1890 1908 1926 1944 79
11 1944 1962 1980 1998 2016 2035 2053 2071 2089 2107 2126 78
12 2126 2144 2162 2180 2199 2217 2235 2254 2272 2290 2309 77
Vi 2309 2327 2345 2364 2382 2401 2419 2438 2456 2475 2493 76
14 2493 2512 2530 2549 2568 2586 2605 2623 2642 2661 2679 75

15 0.2679 2698 2717 2736 2754 2773 2792 2811 2830 2849 2867 74
10 2867 2886 2905 2924 2943 2962 2981 3000 3019 3038 3057 73
17 3057 3076 3096 3115 3134 3153 3172 3191 3211 3230 3249 72
18 3249 3269 3288 3307 3327 3346 3365 3385 3404 3424 3443 71
19 3443 3463 3482 3502 3522 3541 3561 3581 3600 3620 3640 70

20 0.3640 3659 3679 3699 3719 3739 3759 3779 3799 3819 3839 69
21 3839 3859 3879 3899 3919 3939 3959 3979 4000 4020 4040 68
22 4040 4061 4081 4101 4122 4142 4163 4183 4204 4224 4245 67
23 4245 4265 4286 4307 4327 4348 4369 4390 4411 4431 4452 66
24 4452 4473 4494 4515 4536 4557 4578 4599 4621 4642 4663 65

25 4663 4684 4706 4727 4748 4770 4791 4813 4834 4856 4877 64
26 4877 4899 4921 4942 4964 4986 5008 5029 5051 5073 5095 63
27 5095 5117 5139 5161 5184 5206 5228 5250 5272 5295 5317 62
28 5317 5340 5362 5384 5407 5430 5452 5475 5498 5520 5543 61
29 S543 5566 5589 5612 5635 5658 5681 5704 5727 5750 5774 60

30 0.5774 5797 5820 5844 5867 5890 5914 5938 5961 5985 6009 59
31 6009 6032 6056 6080 6104 6128 6152 6176 6200 6224 6249 58
32 6249 6273 6297 6322 6346 6371 6395 64^0 6445 6469 6494 57
33 6494 6519 6544 6569 6594 6619 6644 6669 6694 6720 6745 56
34 6745 6771 6796 6822 6847 6873 6899 6924 6950 6976 7002 55

35 0.7002 7028 7054 7080 7107 7133 7159 7186 7212 7239 7265 54
36 7265 7292 7319 7346 7373 7400 7427 7454 7481 7508 7536 53

'

37 7536 7563 7590 7618 7646 7673 7701 7729 7767 7785 7813 52
38 7813 7841 7869 7898 7926 7954 7983 8012 8040 8069 8098 51
39 8098 8127 8156 8185 8214 8243 8273 8302 8332 8361 8391 50

40 0.8391 8421 8451 8481 8511 8541 8571 8601 8632 8662 8693 49
41 8693 8724 8754 8785 8816 8847 8878 8910 8941 8972 9004 48
42 9004 9036 9067 9099 9131 9163 9195 9228 9260 9293 9325 47
43 9325 9358 9391 9424 9457 9490 9523 9556 9590 9623 9657 46
44» 9657 9691 9725 9759 9793 9827 9861 9896 9930 9965 1,0000 450

Coiplement .9 *8 .7 .6 .5 .4 .3 ,2 A ,0 Luli

Natural Cotangents.



rabia 5. Natural Taagents. 819

Angle. .0 ,1 ,8 .3 A .5 ,6 «V *8 .0 ^»-

45" 1.0000 1.0035 1.0070 1.0105 1.0141 1.0176 1.0212 1,0247 1.0283 1.0319 "
46 1.0355 1.0392 1.0428 1 04641.0501 1 0538 1.0575 1.0612 1.0649 1.0686 "
47 1.0724 1.0761 1.0799 1.0S37 1.0875 10913 1 0951 1.0990 1.1028 1.1067 '»

48 1.1106 1.1145 1.1184 1.1224 1.1263 1.1303 1.1343 1.1383 1.1423 1 1463 *»

49 1.1504 1.1544 1.1585 1.162G 1.1667 1.1708 11750 1.1792 1.1833 1.1875 "

50 1.1918 1.1960 1.2002 1.2045 1.2088 1.2131 1.2174 1.2218 1.2261 1.2305 <"

51 1.2349 1.2393 1.2437 1.2482 1 2527 I 2572 1.2617 1.2662 1.2708 1.2753 «
52 1.2709 1.2846 1.2892 1.2938 1.2985 1.3032 1.3079 1.3127 1.3175 1.3222 "
53 1.3270 1.3319 1.3367 1.341B 1.3465 1.3514 1.3564 1.3613 1.3663 1.3713

"

54 1.3764 1.3814 1.3865 1.3916 1.3968 1.4019 1.4071 1.4124 1.4176 1.4229
"='

55 1.4281 1.4335 1.4388 1.4442 1.4416 1.4550 1.4605 1.4659 1.4715 1.4770
"

5G 1.4826 1.4882 1.4938 1.4994 1.5051 1.5108 1.5166 1.5224 1..52S2 1.5340
"

57 1.5399 1.5458 1.5517 1.5577 1.5637 1.5697 1.5757 1.5818 1.5830 1.5941
="

58 1.6003 1.6066 1.6128 1.6191 1.6255 1.6319 1.6383 1.6447 1.6512 1.6577
"

59 1.6643 1.6709 1.6775 1.6842 1.6909 1.6977 1.7045 1.7113 1.7182 1.7251
''

60 1.7321 1.7391 1.7461 1.7532 1.7603 1.7675 1.7747 1.7820 1.7893 1.7966
'"

61 1.8040 1.8115 1.8190 1.8265 1.8341 1.8418 18495 1.8572 1.8650 1 8728
"

62 1.8807 1.8887 1.8967 1.9047 1.9128 1.9210 1.9292 19375 1.9458 1.9542
''

03 1.9626 1.9711 1.9797 1.9883 1.9970 2.0057 2.0145 2.0233 2.0323 2.0413
''

64 2.0503 2.0594 2.0686 2.0778 2.0872 2.0965 2.1060 2.1 155 2.1251 2.1348 **

65 2.145 2.154 2.164 2.174 2.184 2-194 2.204 ^2.215 2.225 2.236 ^*

66 2.246 2.257 2.267 2.278 2.289 2.300 2.311 2.322 2.333 2.344
"

07 2.356 2.367 2.379 2.391 2.402 2.414 2.426 2.438 2.450 2.463 "
68 2.475 2.488 2500 2.513 2.52S 2.539 2.552 2.565 2.578 2.592 "
69 2.605 2.619 2.633 2.646 2.660 2.675 2.689 2.703 2.718 2.733 "

70 2.747 2.762 S.778 2.793 2.808 2.824 2.840 2.856 2.872 2.888 *'

71 2.904 2.921 2.937 2.954 2.971 2.989 3.006 3.024 3.042 3.060 "
72 3.078 3.096 3.115 3.133 3.1.52 3.172 3.191 3.211 3.2,30 3.250

73 3.271 3.291 3.312 3.333 3.354 3.376 3.398 3.420 3.442 3.465

74 3.487 3.511 3.534 3.558 8.582 3 606 3.630 3.655 3.681 3.706

75 8.732 3.758 3.785 3.812 3.839 3.867 3.895 3.923 3.952 3.981
*'

76 4.011 4.041 4.071 4.102 4.134 4.165 4.198 4.230 4.264 4.297
''

77 4.831 4.366 4.402 4.437 4.474 4.511 4.548 4.586 4.025 4.665
"

78 4.705 4.745 4.787 4.829 4.872 4.915 4.959 5.005 5.0.50 5.097 "
79 5.145 5.198 5.242 5 292 5.343 5.396 5.449 5..503 5.558 5 614 "

80 5.67 5.73 5.79 5.85 5.91 5.98 6.04 6.11 6.17 6.24 '

«1 6.31 6 39 6.46 6.54 6.61 6.69 6.77 6.85 6.94 7.03
«

8-2 7.12 7.21 7.30 7.40 7.49 7.60 7.70 7.81 7.92 8.03 '"

83 8.14 826 8.39 8.51 8.64 8.78 8.92 9.06 9.21 9.36 "
84 9.51 9.68 9.84 10.0 10.2 10.4 10.6 10.8 11.0 11.2

85 11.4 11.7 11.9 12.2 12.4 !2.7 13.0 13.3 13.6 14.0 »

86 14.3 14.7 15.1 15.5 15.9 16.3 16.8 17.3 17.9 18.5 «

87 19.1 19.7 20.4 21.2 22.0 22.9 23.9 249 23 27.3

88 28.6 30.1 81.8 33.7 35.8 38.2 40.9 44

1

47.7 52.1

89" 57. 64. 72. 82. 95. 115. 143. 131. 286. 573.

ingle. .0 *1 .2 .3 .4 ,5 .6 .7 .8 *0

Natural Tangents.
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820 Logarithmic Tangents. Table 5. A.

Angle .0 .1 .2 .3 .4 .5 .6 .7 .8 .9 Ccmplemeiit mi.

0""= 3.2419 Er.6129 8.7190 3.8439 3.9109 S'.OZOO 2.0870 3'.1460 2'.1962 2'.2419 89° ~
1 2.2419 2.2833 2.3211 2'.3559 2.3881 2".4181 2.4461 2'.4728 2".4a73 2'.5203 2'.5431 88 —
2 5431 6643 5345 6033 6223 6401 6571 6736 6894 704«i 7194 87 — '

3 7194 7337 7475 7609 7739 7865 7988 8107 8223 8336 8446 86 —
4 8446 8554 8659 8762 8862 8960 9056 9150 9241 9331 9420 85 —

5 J.9420 2'.9606 29591 2'.9674 2'.9756 2".9S36 2'.9915 2'.9992 T'.0068 l'.0143 T'.0216 84 *°

6 T'.0216 l".0289 r.0300 r.043O l'.0499 ".0567 T.0S33 ".06C9 r.0764 l'.0338 ".0891 815
*'

7 0891 0954 1015 1076 1135 1194 1253 1310 1367 1423 1478 82 ^^

8 1478 1533 1587 1640 1693 1745 1797 1843 1893 1948 1997 81 "^

9 1997 2046 2094 2143 2189 2236 2283 3333 2374 2419 2463 80 *'

10 r.2643 l'.2507 ".2551 ".2594 ".3637 l'.2680 T'.2732 l".2764 "2805 r.2846 ".3887 79 "
11 2887 2927 2967 3006 3046 3085 3123 3162 3200 8337 3275 78 ''

13 3275 3312 8349 3335 3432 3458 3493 3539 8564 3599 3634 77 '°

13 3634 3668 8703 3736 8770 8804 3837 3370 3903 3935 3968 76 "
14 3968 4000 4032 4064 4095 4127 4158 4189 4220 4250 4381 75 "

15 l'.4281 r.4311 T'.4341 l'.4371 T'.4400 "4430 T'.4459 l".4488 ".4517 ".4546 "4575 74 ''

16 4575 4603 4632 4660 4683 4716 4744 4771 4799 4826 4853 73 ^'

17 4853 4880 4907 4934 4961 4987 5014 6040 5066 5092 M18 72 ^'

18 6118 5143 5169 5195 5230 5245 5370 5395 5320 5345 5370 71 ^*

19 5370 5394 5419 5443 6467 5491 5516 5539 5563 6587 5611 70 '*

20 ".5611 ".5634 r.5658 T.56S1 ".5704 ".5727 ".5750 ".5773 ",5796 ".5819 ".5342 69 "^

21 5843 5864 6887 5909 6933 , 5954 5976 5998 6030 6043 6064 68 ^^

22 6064 6086 6108 6139 6151 6172 6194 6215 6286 6357 6279 67 "

23 6279 6300 6821 6341 6362 6383 6404 6424 6445 6465 6486 66 ^'

24 6486 6506 6527 6547- 6567 6587 6607 6627 6647 6667 6687 65 ™

25 ".6687 ".6706 ".6726 ".6746 l'.6765 ".6785 ".6804 ".6824 l'.6843 "6363 ".6882 64
26 6882 6901 6920 6939 6958 6977 6996 7015 7034 7053 7072 63 "

27 7073 7090 7109 7138 7146 7165 7183 7203 7330 7388 7357 62
28 7257 7275 7293 7311 7330 7348 7366 7384 7403 7420 7438 61 "

29 7433 7455 7473 7491 7509 7526 7C44 7562 7579 7597 7614 60

30 ".7614 ".7632 ".7649 ".7667 ".7684 ".7701 l'.7719 l'.7736 ".7758 l".7771 "7788 59
31 77SS 7805 7822 7839 7856 7873 7890 7907 7934 7941 7953 58 "
32 7958 7975 7993 8008 8025 8043 8059 8075 8092 8109 8125 57
33 8125 8142 8153 8175 8191 8208 8324 8241 8257 8374 8290 56
34 8390 8306 8333 8339 8355 «871 8388 8404 8420 8436 8152 55

35 ".8452 1.8468 l'.8484 ".8501 ".8517 ".8338 ".3649 ".8565 ".8581 ".8597 l".8613 54 "

36 8613 8629 8644 8660 8676 8693 8708 8724 8740 8755 8771 53
37 8771 8787 8803 8818 8334 8350 8365 8331 8897 8913 8938 52
38 8923 8944 8959 8975 8990 9006 9022 9037 9053 9068 9034 51
39 9084 9099 9115 9130 914S 9161 9176 9193 9307 9323 9333 50

40 ".9238 l".9354 "9369 ".9384 ".9300 ".9315 T.9330 l'.9346 ".936) "9376 ".9392 49
41 9392 9407 9422 9433 9453 9468 9iS3 9499 9514 9529 9544 48
42 9644 9560 9575 9590 9605 9621 9636 9651 9668 9631 9697 47
43 9697 9712 9727 9742 9757 9773 9738 9803 9818 9333 9848 46
44° 9348 9864 9879 9894 9909 9924 9939 9955 .9970 9985 0000 45° "

Complement .9 .8 .6 .5 .3 .2 .1 .0

Logarithmic Cotangouts.



Table 5. A. Logarithmic Tangents. 821

Aigle .0 .1 .2 .3 .4 .5 .6 .7 .8 .» Coapieineit m.

45" 0.0000 0.0015 0.0030 0.0045 0.0061 0.0076 0.0091 0.0106 0.0121 0.0136 0.0153 44° "

4lj 0152 0167 0182 0197 0212 0323 0243 0253 0273 0338 0303 43
47 0803 0319 0334 0349 0364 0379 0395 0410 0445 0440 0156 42
48 0456 0471 0436 0501 0517 0532 0547 0562 057S 0503 0608 41
49 0008 0624 0639 0654 0670 0685 0700 0710 0731 0716 0762 40

50 0.0762 0.0777 0.0793 0.0308 0.0824 0.0839 U.0854 0.0370 0.0835 11.0901 0.0916 39

51 0916 0033 0947 09G3 0978 0994 lUlO 1025 1041 1056 1072 38

52 1072 1033 1108 1119 U35 1130 1166 1132 1197 1213 1229 37

53 1229 1245 1260 1270 1292 1308 1324 1340 1356 1371 1387 36

54 1387 1403 1419 1435 1451 1467 1483 1499 1516 1532 1548 35 '°

55 0.1548 0.1564 0.1580 O.l.iOO 0.1612 0.1629 0.16i5 0.1661 0.1677 0.1694 0.1710 34
56 1710 1726 1743 1759 1776 1792 1809 1835 1842 1858 1875 33

57 1875 1891 1908 1925 1941 1953 1975 1992 2008 2035 2042 32

58 2042 2059 2076 2093 2110 2127 2144 2161 2178 2195 2212 31 "
59 2212 2229 2317 2204 2381 2299 2316 2333 2351 2363 2336 30

60 0.2386 0.2403 0.2431 0.2433 0.2450 0.2474 0.2491 0.2509 0.2527 0.2545 0.2562 29

61 2563 2580 2598 2G16 2634 2052 2670 2689 2707 2725 2743 28 '*

62 3743 2762 2780 2793 2817 3835 2854 2372 2391 2910 2938 27

63 2928 2947 2966 2983 3004 3033 3042 3061 3080 3099 3113 26 "
64 3118 3137 3157 3170 3196 3215 3335 3354 3274 3294 3313 25

65 0.3313 0.3333 0.3353 0.3373 0.3393 0.3413 0.3433 0.84,')3 0.3473 0.3494 0.3514 24 ^^

66 3514 3535 3555 3576 3596 3617 3638 8659 3679 3700 3731 23 "

67 3731 3743 3764 3785 3306 3328 8349 3871 3893 3914 3936 22 '^

68 3936 3953 3980 4003 4034 4046 4068 4091 4113 4136 4158 21
''^

69 4153 4181 4304 4227 4250 4273 4296 4319 4342 4366 4389 20 ^^

70 0.4389 0.4413 0.4437 0.4461 0.4434 0.4509 0.4533 0.4557 0.4581 0.4006 0.4630 19 ^'

71 4630 4635 4680 4705 4730 4755 4780 4805 4831 4867 4332 18 ^°

72 4'!8J 4903 4934 4960 4986 5013 5039 5066 .5093 5120 5147 17 ^'

73 5147 5174 5201 5229 5256 5234 5313 6340 5368 5397 5425 16 ^'

74 3435 5454 5483 5512 5541 5570 5600 5639 5659 5689 5719 15 ^^

75 0.5719 0.5730 0.5730 0.5811 0.5342 0.5873 0.5905 0.5936 0.5968 0.6000 0.6033 14 "

76 6032 0065 6097 6130 6163 6196 6330 6264 6303 6332 6366 13 "

77 C36G 6401 6436 6471 6507 6.542 6578 6315 6631 6688 6725 12 ''

78 6725 67G3 6S00 6838 6877 6915 6954 6994 7033 7073 7113 11 ''

79 7113 7154 7195 7236 7278 7330 7363 7406 7449 7493 7537 10 "

80 0.7537 0.7381 0.7026 0.7672 0.7718 0.7764 0.7SII 0.7858 0.7906 0.7954 0.8003 9 "

81 8003 8053 3103 S152 8303 S255 8307 8360 8413 8467 8522 8 '*

82 3522 3377 S633 8690 8748 S300 8865 8934 8983 9046 9109 7 ^'

S3 9109 9172 9236 9301 9367 9433 9501 9570 9640 9711 9784 6

84 9734 9857 9933 1.0003 1.00S5 1.0164 1 0J44 1.0326 1.0409 1.0494 1,0580 5

85 1.06SO 1.0669 1.0759 1.0850 1.0944 1.1040 1.1133 1.1233 1.1341 1.1446 1.1554 4 —
86 1534 1664 1777 1893 3012 2135 2361 2391 2525 2603 2306 3 —
87 2306 2954 3106 3264 3429 3599 3777 3962 1155 4357 4669 2 —
88 4569 4793 5027 5375 5539 6819 6119 6441 6789 7167 7581 1 —
89° 7581 8038 8553 9130 9800 2.0591 2.1361 2.2310 2.1571 2.7581 e=o 0°

—

CommeLiem .9 .8 .7 .6 .5 .4 .3 .2 .1 .0 klgli

Logarithmic Cotangents.
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821a Autilogarithms. Table 5 (B).

Logs. O 6 S 9 Dif.

.00



Table



821c Pour-place Logaritlinis. Table 5 (C).

Nos. O 6 8 9 Dif-

,10 0000 0043 0086 0128 0170 8212 0253 0294 0334 0374 42

11 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 38

13 0792 0828 0864 08a9 0934 0969 1004 1038 1072 1106 35

13 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430 32

It 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 30

15 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014 28

16 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 26

ly 2304 2330 2355 2380 2405 2430 2455 2480 2504 2529 25

18 2553 2577 2601 2625 2648 2672 2695 2718 2742 2765 23

19 2788 2810 2833 2856 2878 2900 2923 2945 2967 2989 22

20 3010 3032
21 3222 3243
22 3424 3444
23 3617 3636
24 3802 3820

25
26
ar
28
29

3979 3997

4150 4166

4314 4330

4472 4487

4624 4639

3054 3075 3096 3118

3263 3284 3304 3324

3464 3483 3502 3522

3655 3674 3692 3711

3838 3856 3874

4014 4031 4048 4065

4183 4200 4216 4232

4346 4362 4378 4393

4502 4518 4533 4548

4654 4669 4683 4698

3139 3160 3181 3201 21

3345 3365 3385 3404 20

3541 3560 3579 3598 19

3729 3747 3766 3784 18

3909 3927 3945 3962 18

4082 4099 4116 4133 17

4249 4265 4281 4298 16

4409 4425 4440 4456 16

4564 4579 4594 4609 15

4713 4728 4742 4757 15

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900 11

31 4914 4928 4942 4955 4969 4983 4997 6011 5024 5038
32 5051 5065 5079 5092 5105 5119 5132 5145 5159 5172
33 5185 5198 6211 5224 5237 5250 5263 5276 5289 5302 13

34 5315 5328 5340 5353 5366 5378 5391 5403 5416 5428

35 5441 5453 5465 5478 5490 5502 5514 5527 5539 5551
36 5563 5575 5587 5599 5611 5623 5635 5647 5658 5670 12

37 5682 5694 5705 5717 5729 5740 5752 5763 5775 5786
38 5798 5809 5821 5832 5843 5855 5866 5877 5888 5899
39 5911 5922 5933 5944 5955 5966 5977 5988 5999 6010 11

40 6021 6031 6042 6053 6064 6075 6085 6096 6107 6117
41 6128 6138 6149 6160 6170 6180 6191 6201 6212 6222

42 6232 6243 6253 6263 6274 6284 6294 6304 6314 6325
43 6335 634B 6355 6365 6375 6385 6395 6405 .6415 6425 10

44 6435 6444 6454 6464 6474 6484 6493 6503 6513 6522

45 6532 6542 6551 6561 6571 6580 6590 6599 6609 6618

46 6628 6637 6646 6656 6665 6675 6684 6693 6702 6712

47 6721 6730 6739 6749 6758 6767 6776 6785 6794 6803
48 6812 6821 6830 6839 6848 6857 6866 6875 6884 6893 9

49 6902 6911 6920 6928 6937 6946 6955 6964 6972 6981

50 6990 6998 7007 7016 7024 7033 7042 7050 7059 7067

51 7076 7084 7093 7101 7110 7118 7126 7135 7143 7152

52 7160 7168 7177 7185 7193 7202 7210 7218 7226 7235

53 7243 7251 7259 7267 7275 7284 7292 7300 7308 7316

54 7324 7332 7340 7348 7356 7364 7372 7380 7388 7398 .8



Table 5 (C). Four-place Logarithms. 821d

Nos. 1 2 3 4 5 6 7 8 9 Dif.

55 7404 7412 7419 7427 7435 7443 7451 7459 7466 7474
56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551
57 7559 7566 7574 7582 7589 7597. 7604 7612 7619 7627
58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701
59 7709 7716 7723 7731 7758 7745 7752 7760 7767 7774

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846
61 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917
63 7924 7931 7938 7945 7952 7959 7986 7973 7980 7987 7

63 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055

64 8062 8069 8075 8082 8089 8096 8102 8109 8116 8122

65 8129 8136 8142 8149 8156 8162 8169 8176 8182 8189
66 8195 8202 8209 8215 8222 8228 8235 8241 8248 8254
67 8261 8267 8274 8280 8287 8293 8299 8306 8312 8319

68 8325 8331 8338 8344 8351 8357 8363 8370 8376 8382

69 8388 8395 8401 8407 8414 8420 8426 8432 8439 8445

70 8451 8457 8463 8470 8476 8482 8488 8494 '8500 8506
71 8513 8519 8525 8531 8537 8543 8649 8655 8561 8567
73 8573 8579 8585 8591 8597 8603 8S09 8615 8621 8627 6

73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686

74 8692 8698 8704 8710 8716 8722 8727 8733 8739 8745

75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802

76 8808 8814 8820 8825 8831 8837 8842 8848 8854 8859

77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915

78 8921 8927 8932 8938 8943 8949 8954 8960 8965 8971

79 8976 8982 8987 8993 8998 9004 9009 9015 9020 9025

SO 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079

81 9085 9090 9096 9101 91Q6 9112" 9117 9122 9128 9133

82 9138 9143 9149 9154 9159 9165 9l70 9175 9180 9186

S3 9191 9196 9201 9206 9212 9217 9222 9227 9232 9238

84 9243 9248 9253 9258 9263 9269 9274 9279 9284 9289

85 9294 9299 9304 9309 9315 9320 9325 9330 9335 9340

86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390

87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440 5

88 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489

89 9494 9499 9504 9509 9513 9518 9623 9528 9533 9538

90 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586

91 9590 9595 9600 9605 9609 9614 9619 9624 9628 9633

92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680

93 9685 9689 9694 9699 9703 9708 9713 9717 9722 9727

94 9731 9736 9741 9745 9750 9754 9759' 9763 9768 9773

95 9777 9782 9788 9791 9795 9800 9805 9809 9814 9818

96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863

97 9868 9872 9877,' 9881 9886 9890 9894 9899 9903 9908

98 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952

99 9956 9961 9965 9969 9974 9978 9983 9987 9991 9996



822 Logarithms. Table 6.

Ho. 01 2345 6789 oif.

100 00000 00043 00087 00130 00173 00217 00260 00303 00346 00389 ,**4

101 00432 00475 00518 00561 00604 00647 00689 00732 00775 00817 t.i
4 17
( 22
« vg

10-t 01703 01745 01787 01828 01870 01912 01953 01995 02036 02078 H*
105 02119 02160 02202 02243 02284 02325 02366 02407 02449 02490 ,*\

106 02531 02572 02612 02653 02694 02735 02776 02816 02857 02898 i,|
107 02938 02979 03019 03060 03100 03141 03181 03222 03262 03302 J?J
108 03342 03383 03423 03463 03503 03543 03583 03623 03663 03703 ? :i|

109 03743 03782 03822 03862 03902 03941 03981 04021 04060 04100 g |?

110 04139 04179 04218 04258 04297 04336 04376 04415 04454 04493 ,*^

lit 04532 04571 04610 04650 04689 04727 04766 04805 04844 04883 |,|
Its 04922 04961 04999 05038 05077 05115 05154 05192 05231 05269 J 1§

113 05308 05346 05385 05423 05461 05500 05538 05576 05614 05652 ? ii?

114 05690 05729 05767 05805 05843 05881 05918 05956 05994 06032 J i{

115 05070 06108 06145 06183 06221 06258 06296 06333 06371 06408 ,"i
116 05446 06483 06521 06558 06595 06633 06670 06707 06744 06781 1,?
117 05819 06856 06893 00930 06967 07004 07041 07078 07115 07151 i\l
118 07188 07225 07262 07298 07335 07372 07408 07445 07482 07518 yu
119 07555 07591 07628 07664 07700 07737 07773 07809 07846 07882 |i»

120 07918 07954 07990 08027 08063 08099 08135 08171 08207 08243 ,^^

121 08279 08314 08350 08386 08422 08458 08493 08529 08565 08600 | ,?

123 08636 08672 08707 08743 08778 08814 08849 08884 08920 08955 t u
123 08991 09026 09061 09096 09132 09167 09202 09237 09272 09307 § ?i

124 09342 09377 09412 09447 09482 09517 09552 09587 09621 09656 |1|

125 09691 09726 09760 09795 09830 09864 09899 09934 09968 10003 ,^*3

126 10037 10072 10106 10140 10175 10209 10243 10278 10312 10346 |,J
127 10380 10415 10449 10483 10517 10551 10585 10619 10653 10687 ^
128 10721 10755 10789 10823 10857 10890 10924 10958 10992 11025 ?.1J

129 11059 11093 11126 11160 11193 11227 11261 11294 11327 11361 ||J

130 11394 11428 11461 11494 11528 11561 11594 11628 11661 11694 ?\
131 11727 11760 11793 11826 11860 11893 11926 11959 11992 12024 1,1

132 12057 12090 12123 12156 12189 12222 12254 12287 12320 12352 Jl?

133 12385 12418 12450 12483 12516 12548 12581 12613 12646 12678 YH
134 12710 12743 12775 12808 12840 12872 12905 12937 12969 13001 |1§

135 13033 13066 13098 13130 13162 13194 13226 13258 13290 13322 ,^^

136 13354 13386 13418 13450 13481 13513 13545 13577 13609 13640 |,5
137 13672 13704 13735 13767 13799 13830 13862 13893 13925 13956 t\l
138 13988 14019 14051 14082 14114 14145 14176 14208 14239 14270 M|
139 14301 14333 14364 14395 14426 14457 14489 14520 14551 14582 «i|

140 14613 14644 14675 14706 14737 14768 14799 14829 14860 14891 i*",

141 14922 14953 14983 15014 15045 15076 15106 15137 15168 15198 t |

142 15229 15259 15290 15320 15351 15381 15412 15442 15473 15503 tU_. . — .. ^
J ij
7 22
a 2B
9 2«

145 16137 16167 16197 16227 16256 16286 16316 16346 16376 16406 ,^"3

146 16435 16465 16495 16524 16554 16584 16613 16643 16673 16702 1 I

147 16732 16761 16791 16820 16850 16879 169(19 16938 16967 16997 Ji?

148 17026 17056 17085 17114 17143 17173 17202 17231 17260 17289 ?i!

149 17319 17348 17377 17406 17435 17464 17493 17522 17551 17580 H*
150 17609 17638 17667 17696 17725 17754 17782 17811 17840 17869



fable 6. Logarithms. 823

No. 0123456789 oif.

150 17609 17638 17667 17696 17725 17754 17782 17811 17840 17869 ,^^

151 17898 17926 17955 17984 18013 18041 18070 18099 18127 18156 | §

152 18184 18213 18241 18270 18298 18327 18355 18384 18412 18441 t\i
153 18469 18498 18526 18554 18583 186H 18639 18667 18696 18724 MJ
154 18752 18780 18808 18837 18865 18893 18921 18949 18977 19005 HI
155 19033 19061 19089 19117 19145 19173 19?01 19229 19257 19285 ,^'3

-,158 19312 19340 19368 19396 19424 19451 19479 19507 19535 19562 3
«

15? 19590 19618 19645 19673 19700 19728 19756 19783 19811 19838 t\\
15a 19866 19893 19D21 19948 19976 20003 20030 20058 20085 20112 "IJ
159 20140 20167 20194 20222 20249 20276 20303 20330 20358 20385

I H
160 20412 20439 20466 20493 20520 20548 20575 20602 20629 20656 ,^'3

161 20683 20710 20737 20763 20790 20817 20844 20871 20898 20925 | |

162 20952 20978 21005 21032 21059 21085 21112 21139 21165 21192 *!1

1«3 21219 21245 21272 21299 21325 21352 21378 21405 21431 21458 5{|
164 21484 21511 21537 21564 21590 21617 21643 21669 21696 21722 » iJ

166 22011 22037 22063 22089 22115 22141 22167 22194 22220 22246 i
»

167 22272 22298 22324 22350 22376 22401 22427 22453 22479 22505 J IS

168 22531 22557 22583 22608 22634 22660 22686 22712 22737 22763 ?»
169 22789 22814 22840 22866 22891 22917 22943 22968 22994 23019 «

H
170 23045 23070 23096 23121 23147 23172 23198 23223 23249 23274 ,^%

171 23300 23325 23350 23376 23401 23426 23452 23477 23502 23528 1 |

172 23553 23578 23603 23629 23654 23679 23704 23729 23754 23779 Jl§
173 23805 23830 23855 23880 23905 23930 23955 23980 24005 24030 S i|

174 24055 24080 24105 24130 24155 24180 24204 24229 24254 24279 ||»

175 24304 24329 24353 24378 24403 24428 24452 24477 24502 24527
176 24551 24576 24601 24625 24650 24674 24699 24724 24748 24773
177 24797 24822 24846 24871 24895 24920 24944 24969 24993 25018
178 25042 25066 25091 25115 25139 25164 25188 25212 25237 25261
179 25285 25310 25334 25358 25382 25406 25431 25455 25479 25503

180 25527 25551 25575 25600 25624 25648 25672 25696 25720 25744 ,2*j

181 25768 25792 25816 25840 25864 25888 25912 25935 25959 25983 i
»

18a 2C007 26031 26055 26079 26102 26126 26150 26174 26198 26221 t!»
183 26245 26269 26293 26316 26340 26364 26387 26411 26435 26458 5M
184 26482 26505 26529 26553 26576 26600 26623 26647 26670 26694 |

<,•

185 26717 26741 26764 26788 26811 26834 26858 26881 26905 26928 ;^%

186 26951 26975 26998 27021 27045 27068 27091 27114 27138 27161 i
»

187 27184 27207 27231 27254 27277 27300 27323 27346 27370 27393 i ,•

188 27416 27439 27462 27485 27508 27531 27554 27577 27600 27623 f \i

189 27646 27669 27692 27715 27738 27761 27784 27807 27830 27852
| H

190 27875 27898 27921 27944 27967 27989 28012 28035 28058 28081
191 28103 28126 28149 28171 28194 28217 28240 28262 28285 28307
192 28330 28353 28375 28398 28421 28443 28466 28488 28511 28533
193 28556 28578 28601 28623 28646 28668 28691 28713 28735 28758
194 28780 28803 28825 28847 28870 28892 28914 28937 28959 28981

195 29003 29026 29048 29070 29092 29115 29137 29159 29181 29203 ,^\

196 29226 29248 29270 29292 29314 29336 29358 29380 29403 29425 i ^

197 29447 29469 29491 29513 29535 29557 29579 29601 29623 29645 J,?
198 29667 29688 29710 29732 29754 29776 29798 29820 29842 29863 § {|

199 29885 29907 29929 29951 29973 29994 30016 30038 30060 30081 |E
200 30103 30125 80146 30168 30190 30211 30283 30255 30276 30298



824 Logarithms. Table 6.

No. 1 S 3 4 5 6 9 8 9 on.

200 30103 30125 30146 30168 30190 30211 30233 30255 30276 3029'5 ai

201 30320 30341 30363 30384 30406 30428 30449 30471 30492 30514' >

202 30535 30557 30578 30600 30621 30643 30664 30685 30707 30728 ^ *

203 30750 30771 30792 30814 30835 30856 30878 30899 30920 30942 »
»

204 30963 30984 31006 31027 31048 31069 31091 31112 31133 31154* »

205 31175 31197 31218 31239 31260 31281 31302 31323 31345 31366 = "
206 31387 31408 31429 31450 31471 31492 31513 31534 31555 31576 = "

207 31597 31618 31639 31660 31681 31702 31723 31744 31765 31785"*
208 31806 31827 31848 31869 31890 31911 31931 31952 31973 31994" "

209 32015 32035 32056 32077 32098 32118 32139 32160 32181 32201 »>»

210 32222 32243 32263 32284 32305 32325 32346 32366 32387 32408 3o

211 32428 32449 32469 32490 32510 32531 32552 32572 32593 32613' *

212 32634 32654 32675 32695 32715 32736 32756 32777 32797 32818 a «

213 32838 32858 32879 32899 32919 32940 32960 32980 33001 33021 '
'

214 33041 33062 33082 33102 33122 33143 33163 33183 33203 33224* »

215 33244 33264 33284 33304 33325 33345 33365 33385 33405 33425*"'

216 33445 33465 33486 33506 33526 33546 33566 33586 33606 33626 ^'^

217 33646 33666 33686 33706 33726 33746 33766 33786 33806 33826'"*

218 33846 33866 33885 33905 33925 33J45 33965 339S5 34005 34025 «'=

219 34044 34064 34084 34104 34124 34143 34163 34183 34203 34223"'

220 34242 34262 34282 34301 34321 34341 34361 34380 34400 34420 w
221 34439 34459 34479 34498 34518 34537 34557 34577 34596 34616' "

222 34635 34655 34674 34694 34713 34733 34753 34772 34792 34811 ^
*

223 34830 34850 34869 34889 34908 34928 34947 34967 34986 35005 '
«

224 35025 35044 35064 35083 35102 35122 35141 35160 35180 35199* «

225 35218 35238 35257 35276 35295 35315 35334 35353 35372 35392*"'
226 35411 35430 35449 35468 35488 35507 35526 35545 35564 35583 8"
227 35603 35622 35641 35660 35679 35698 35717 35736 35755 35774"'
228 35793 35813 35832 35851 35870 35889 35908 35927 35946 35965 8'*

829 35984 36003 36021 36040 36059 36078 36097 36116 36135 36154'"

230 36173 36192 36211 36229 36248 36267 36286 36305 36324 30342
231 36361 36380 36399 36418 36436 36455 36474 36493 36511 36530
832 36549 36568 36586 36605 36624 36642 36661 36680 36698 36717
233 36736 36754 36773 36791 36810 36829 36847 36866 36884 36903
234 36922 36940 36959 36977 36996 37014 37033 37051 37070 37088

235 37107 37125 37144 37162 37181 37199 37218 37236 37254 37273
236 37291 37310 37328 37346 37365 37383 37401 37420 37438 37457
237 37475 37493 37511 37530 37548 37566 37585 37603 37621 37639
238 37658 37676 37694 37712 37731 37749 37767 37785 37803 37822
839 37840 37858 37876 37894 37912 37931 37949 37967 37985 38003

240 38021 38039 38057 38075 38093 38112' 38130 38148 38166 38184 i»

241 38202 38220 38238 38256 38274 38292 38310 38328 38346 38364 ' »

242 38382 38399 38417 38435 38453 38471 38489 38507 38525 38543= *

243 38561 38578 38596 38614 38632 38650 38668 38686 38703 38721 » <>

244 38739 38757 38775 38792 38810 38828 38846 38863 38881 38899* ^

245 38917 38934 38952 38970 38987 39005 39023 39041 39058 39076 » »

246 39094 39111 39129 39146 39164 39182 39199 39217 39235 39252'"
247 39270 39287 39305 39322 39340 39358 39375 39393 39410 39428?'=
248 39445 39463 39480 39498 39515 39533 39550 39568 39585 39602 8'*

249 39620 39637 39655 39672 39690 39707 39724 39742 39759 39777 » '«

250 39794 39811 39829 39846 39863 39881 39898 39915 39933 39950



Table 6. Logarithms. S25

no. 012345 6789 w.

aSO 39794 39811 89829 39846 89863 39881 89898 89915 39938 39950 "
251 39967 39985 40002 40019 40037 40054 40071 40088 40106 40123 ' '

252 40140 40157 40175 40192 40209 40226 40243 40261 40278 40295 ^ '

253 40312 40329 40346 40364 40381 40398 40415 40432 40449 40466 ' '

254 40483 40500 40518 40535 40552 40569 40586 40603 40620 40637 * '

255 40654 40671 40C88 40705 40722 40739 40756 40773 40790 40807 " '

25« 40824 40841 40858 40875 40892 40909 40926 40943 40960 40976 « '"

257 40993 41010 41027 41044 41061 41078 41095 41111 41128 41145 "^

25» 41162 41179 41196 41212 41229 41246 41263 41280 41296 41318 «

"

259 41330 41347 41363 41380 41397 41414 41430 41447 41464 41481 '

"

260 41497 41514 41531 41547 41564 41581 41597 41614 41631 41647
2«1 41664 41681 41697 41714 41731 41747 41764 41780 41797 41814
262 41830 41847 41863 41880 41896 41913 41929 41946 41968 41979
263 41996 42012 42029 42045 42062 42078 42095 42111 42127 42144
264 42160 42177 42193 42210 42226 42243 42259 42275 42292 42308

265 42325 42341 42357 42874 42390 42406 42423 42439 42455 42472
266 42488 42504 42521 42537 42553 42570 42586 42602 42619 42635
267 42651 42667 42684 42700 42716 42732 42749 42765 42781 42797
268 42813 42830 42846 42862 42878 42894 42911 42927 42943 42959
269 42975 42991 43008 43024 43040 43056 43072 43088 43104 43120

270 43136 43152 43169 43185 43201 43217 43233 43249 43265 43281 i6

271 43297 43313 43329 43345 43861 43377 43398 48409 48425 48441 • »

272 43457 43473 48489 43505 43521 43537 43558 43569 43584 43600 ^ '

273 43616 43632 48648 48664 43680 43696 43712 48727 48748 43759 ' '

274 43775 48791 43807 43823 43838 43854 48870 43886 43902 43917 * '

275 43933 43949 43965 43981 43996 44012 44028 44044 44059 44075 » '

276 44091 44107 44122 44138 44154 44170 44185 44201 44217 44232 « ">

277 44248 44264 44279 44295 44311 44326 44842 44358 44373 44889 '"

278 44404 44420 44436 44451 44467 44483 44498 44514 44529 44545 »

"

279 44560 44576 44592 44607 44623 44638 44654 44669 44685 44700 »

"

280 44716 44781 44747 44762 44778 44793 44809 44824 44840 44855
281 44871 44886 44902 44917 44932 44948 44963 44979 44994 45010
282 45025 45040 45056 45071 45086 45102 45117 45133 45148 45163
283 45179 45194 45209 45225 45240 45255 45271 45286 45301 45317
284 45382 45347 45362 45378 45393 45408 45423 45439 45454 45469

285 45484 45500 45515 45530 45545 45561 45576 45591 45606 45621

286 45637 45652 45667 45682 45697 45712 45728 45743 45758 45778
287 45788 45803 45818 45884 45849 45864 45879 45894 45909 45924
288 45939 45954 45969 45984 46000 46015 46030 46045 46060 46075

289 46090 46105 46120 46135 46150 46165 46180 46195 46210 46225

290 46240 46255 46270 46285 46300 46315 46880 46345 46859 46374 w
291 46389 46404 46419 46434 46449 46464 46479 46494 46509 46523 '

^

292 46588 46553 46568 46588 46598 46618 46627 46642 46657 46672 ' '

293 46687 46702 46716 46731 46746 46761 46776 46790 46805 46820 " ^

294 46835 46850 46864 46879 46894 46909 46923 46938 46953 46967 * «

295 46982 46997 47012 47026 47041 47056 47070 47085 47100 47114 ^ '

296 47129 47144 47159 47173 47188 47202 47217 47232 47246 47261 « '

297 47276 47290 47305 47319 47334 47349 47363 47378 47892 47407 '

"

298 47422 47436 47451 47465 47480 47494 47509 47524 47538 47553 «

"

£99 47567 47582 47596 47611 47625 47640 47654 47669 47683 47698 » '<

300 47712 47727 47741 4'J756 47770 47784 47799 47813 47828 47842



826 Logarithms. Table 6.

SC. 1 3 3 4 5 6 7 8 9 Dff.

300 47712 47727 47741 47756 47770 47784 47799 47813 47828 47842 "
301 47857 47871 47885 47900 47914 47929 47943 47958 47972 47986 » '

SOS 48001 48015 48029 48044 48058 48073 48087 48101 48116 48130 ^ »

aos 48144 48159 48173 48187 48202 48216 48230 48244 48259 48273 ' *

304 48287 48302 48316 48330 48344 48359 48378 48387 48401 48416 * »

305 48430 48444 48458 48478 48487 48501 48515 48530 48544 48558 > '

306 48572 48586 48601 48615 48629 48643 48657 48671 48686 48700 « »

SO? 48714 48728 48742 48756 48770 48785 48799 48813 48827 48841 ' •»

308 48855 48869 48883 48897 48911 48926 48940 48954 48968 48982 »"
309 48996 49010 49024 49038 49052 49066 49080 49094 49108 49122 "•

310 49136 49150 49164 49178 49192 49206 49220 49234 49248 49262
311 49276 49290 49304 49318 49332 49346 49360 49374 49388 49402
312 49415 49429 49443 49457 49471 49485 49499 49513 49527 49541
313 49554 49568 49582 49596 49610 49624 49638 49651 49665 49679
314 49693 49707 49721 49734 49748 49762 49776 49790 49803 49817

315 49831 49845 49859 49872 49886 49900 49914 49927 49941 49955
316 49969 49982 49996 50010 50024 50037 50051 50065 50079 50092
317 50106 50120 50133 50147 50161 50174 50188 50202 50215 50229
318 50243 50256 50270 50284 50297 50311 50325 50338 50352 50365
C19 50379 50393 50406 50420 50433 50447 50461 50474 50488 50501

320 50515 50529 50542 50556 50569 50583 50596 50610 50623 50637
321 50651 50664 50678 50691 50705 50718 50732 50745 50759 50772
S22 50786 50799 50813 50826 50840 50853 50866 50880 50893 50907
323 50920 50934 50947 50961 50974 50987 51001 51014 51028 51041
824 51055 51068 51081 51095 51108 51121 51135 51148 51162 51175

325 51188 51202 51215 51228 51242 51255 51268 51282 51295 51308
326 51322 51335 51348 51362 51375 51388 51402 51415 51428 51441
32? 51455 51468 51481 51495 51508 51521 51534 51548 51561 51574
328 51587 51601 51614 51627 51640 51654 51667 51680 51693 51706
329 51720 51733 51746 51759 51772 51786 51799 51812 51825 51838

330 51851 51865 51878 51891 51904 51917 51930 51943 51957 51970 i3

331 51983 51996 52009 52022 52035 52048 52061 52075 52088 52101 > '

332 52114 52127 52140 52153 52166 52179 52192 52205 52218 52231 ^ »

333 52244 52257 52270 52284 52297 52310 52323 52336 52349 52362 » *

334 52375 52388 52401 52414 52427 52440 52458 52466 52479 52492 * »

335 52504 52517 52530 52543 52556 52569 52582 52595 52608 52621 » »

336 52634 52647 52660 52673 52686 52699 52711 52724 52737 52750 • •

337 52763 52776 52789 52802 52815 52827 52840 52853 52866 52879 ' »

338 52892 52905 52917 52930 52943 52956 52969 52982 52994 53007 «"

339 53020 53088 53046 53058 53071 53084 53097 53110 53122 53135 »'*

340 53148 53161 53173 53186 53199 53212 53224 53237 53250 53263
341 53275 53288 53301 53314 53326 53339 53352 53864 53377 53390
342 53403 58415 53428 53441 53453 53466 53479 53491 53504 53517
343 53529 53542 53555 53567 53580 53593 58605 58618 53631 53643
344 53656 53668 58681 58694 53706 53719 53732 53744 53757 53769

345 53782 53794 53807 53820 53832 53845 58857 53870 53882 53895
346 53908 53920 58938 58945 53958 53970 53983 53995 54008 54020
347 54033 54045 54058 54070 54088 54095 54108 54120 54133 54145
348 54158 54170 54188 54195 54208 54220 54283 54245 54258 54270
349 54283 54295 54307 54320 54332 54345 54357 54870 54882 54394
850 54407 54419 54482 54444 54456 54469 54481 54494 54506 54518



Table 6. Logarithms. 827

no. 1 2 8 4 5 6 7 8 9 Dif

350 54407 54419 54432 54444 54456 54469 54481 54494 54506 54518 12

351 54531 54543 54555 54568 54580 54593 54605 54617 54630 54642 ' '

352 54654 54667 54679 54691 54704 54716 54728 54741 54753 54765 ^ »

K53 54777 54790 54802 54814 54827 54839 54851 54864 54876 54888 '

5

355 55023 55035 55047 55060 55072 55084 55096 55108 55121 55133 « «

356 55145 55157 55169 55182 55194 55206 55218 55230 55242 55255 » '

857 55267 55279 55291 55303 55315 55328 55340 55352 55364 55376 ' '

858 55388 55400 55413 55425 55437 55449 55461 55473 55485 55497 » ">

359 55509 55522 55534 55546 55558 55570 55582 55594 55606 55618 ' "

360 55630 55642 55654 55666 55678 55691 55703 55715 55727 55739
361 55751 55763 55775 65787 55799 55811 55823 55835 55847 55859
362 55871 55883 55895 55907 55919 55931 55943 55955 55967 55979
363 55991 56003 56015 56027 56038 56050 56062 56074 56086 56098
364 56110 56122 56134 56146 56158 56170 56182 56194 56205 56217

865 56229 56241 56258 56265 56277. 56289 56301 56312 56324 56336
366 56348 56360 56372 56384 56396 56407 56419 56431 56443 56455
367 56467 56478 56490 56502 56514 56526 56538 56549 56561 56573
368 56585 56597 56608 56620 56632 56644 5665i6 56667 56679 56691
369 56703 56714 56726 56738 56750 56761 56773 56785 56797 56808

370 56820 56832 56844 56855 56867 56879 56891 56902 56914 56926
371 56937 56949 56961 56972 56984 56996 57008 57019 57031 57043
372 57054 570G6 57078 57089 57101 57113 57124 57136 57148 57159
373 57171 57183 57194 57206 §7217 57229 57241 57252 57264 57276
374 57287 57299 57310 57322 57334 57345 57357 57368 57380 57392

375 57403 57415 57426 57438 57449 57461 57473 57484 57496 57507
376 57519 57530 57542 57553 57565 57576 57588 57C00 57611 57623
377 57634 57646 57657 57669 57680 57692 57703 57715 57726 57738
378 57749 57761 57772 57784 57795 57807 57818 57830 57841 57852
379 57864 57875 57887 57898 57910 57921 57933 57944 57955 57967

380 57978 57990 58001 58013 58024 58035 58047 58058 58070 58081
381 58092 58104 58115 58127 58138 58149 58161 58172 58184 58195
382 58206 58218 58229 58240 58252 58263 58274 58286 58297 58309
383 58320 58331 58343 58354 58365 58377 58388 58399 58410 58422
384 58433 58444 58456 58467 58478 58490 58501 58512 58524 58535

385 58546 58557 58569 58580 58591 58602 58614 58625 58636 58647
886 58659 58670 58681 58692 58704 58715 58726 58737 58749 58760

•387 58771 58782 58794 58805 58816 58827 58838 58850 58861 58872
388 58883 58894 58906 58917 58928 58939 58950 58961 58973 58984
889 58995 59006 59017 59028 59040 59051 59062 59073 59084 59095

390 59106 59118 59129 59140 59151 59162 59173 59184 59195 59207 "
391 59218 59229 59240 59251 59262 59273 59284 59295 59306 59318 ' >

392 59329 59340 59351 59362 59373 59384 59395 59406 59417 59428 « »

393 59439 59450 59461 59472 59483 59494 59506 59517 59528 59539 ' '

394 59550 59561 59572 59583 59594 59605 59616 59627 59638 59649 * *

895 59660 59671 59682 59693 59704 59715 59726 59737 59748 59759 » •

396 59770 59780 59791 59802 59813 59824 59835 59846 59857 59868 • '

897 59879 59890 59901 59912 59923 59934 59945 59956 59966 59977 » »

398 59988 59999 60010 60021 60032 60043 60054 60065 60076 60086 ° °

399 60097 60108 60119 60130 60141 60152 60163 60173 60184 60195 »*>

400 60206 60217 60228 60239 60249 60260 60271 60282 60293 60304



828 Logarithms. Table 6.

Bo. 1 2 3 4 5 6 7 8 9 Dit.

400 60206 60217 60228 60239 60249 60260 60271 60282 60293 60304 "
401 60314 60325 60336 60347 60358 60369 60379 60390 60401 60412 > '

402 60423 60433 60444 60456 60466 60477 60487 60498 60509 60520 = 2

403 60531 60541 60552 60563 60574 60584 60595 60606 60617 60627 » '

404 60638 60649 60660 60670 60681 60692 60703 60713 60724 60735 « *

405 60746 60756 60767 60778 60788 60799 60810 60821 60831 60842 " «

400 60853 60863 60874 60385 60895 60906 60917 60927 60938 60949 ' '

407 60959 60970 60981 60991 61002 61013 61023 61034 61045 61055 ' •

408 61066 61077 61087 61098 61109 61119 61130 61140 61151 61162 » »

409 61172 61183 61194 61204 61215 61225 61236 61247 61257 6l268 »»

410 61278 6128« 61300 61310 61821 61331 61342 61352 61363 61374
411 61384 61395 61405 61416 61426 61437 61448 61458 61469 61479
412 61490 61500 61511 61521 61532 61542 61553 61563 61574 61584
413 61595 61606 61616 61627 61637 61648 61658 61669 61679 61690
414 61700 61711 61721 61731 61742 61752 61763 61773 61784 61794

415 61805 61815 61826 61836 61847 61857 61868 61878 61888 61899
416 61909 61920 61930 61941 61951 61962 61972 61982 61993 62003
417 62014 62024 62034 62045 62055 62066 62076 62086 62097 62107
418 62118 62128 62138 62149 62159 62170 62180 62190 62201 62211
419 62221 62232 62242 62252 62263 62273 62284 62294 62304 62315

4S0 62325 62335 62346 62356 62366 62377 62387 62397 62408 62418 10

421 62428 62439 62449 62459 62469 62480 62490 62500 62511 62521 ' 1

422 62531 62542 62552 62562 62572 62583 62593 62603 62613 62624 2 a

423 62634 62644 62655 62665 62675 62685 62696 62706 62716 62726 ^ s

424 62737 62747 62757 62767 62778 62788 62798 62808 62818 62829 * «

425 62839 62849 62859 62870 62880 62890 62900 62910 62921 62931 ^ '

426 62941 62951 62961 62972 62982 62992 63002 63012 63022 63033 « «

427 63043 63053 63063 63073 63083 63094 63104 63114 63124 63134 ' '

428 63144 63155 63165 63175 63185 63195 63205 63215 63225 63236 ' "

429 63246 63256 63266 63276 63286 63296 63B06 63317 63327 63337 » '

430 63347 63357 63367 63377 63387 63397 63407 63417 63428 63438
431 63448 63458 63468 63478 63488 63498 63508 63518 63528 63538
432 63548 63558 63568 63579 63589 63599 63609 63619 63629 63639
433 63649 63659 63669 63679 63689 63699 63709 63719 63729 63739
434 63749 63759 63769 63779 63789 63799 63809 63819 63829 63839

435 63849 63859 63869 63879 63889 63899 63909 63919 63929 63939
436 63949 63959 63969 63979 63988 63998 64008 64018 64028 64038
437 64048 64058 64068 64078 64088 64098 64108 64118 64128 64137 •

438 64147 64157 64167 64177 64187 64197 64207 64217 64227 64237
439 64246 64256 64266 64276 64286 64296 64306 64316 64326 64335

440 64345 64355 64365 64375 64385 64395 64404 64414 64424 64434
441 64444 64454 64464 64473 64483 64493 64503 64513 64523 64532
442 64542 64552 64562 64572 64582 64591 64601 64611 64621 64631
443 64640 64650 64660 64670 64680 64689 64699 64709 64719 64729
^44 64738 64748 64758 64768 64777 64787 64797 64807 64816 64826

445 648B6 64846 64856 64865 64875 64885 64895 64904 64914 64924
446 64933 64943 64953 64963 64972 64982 64992 65002 65011 65021
447 65031 65040 65050 65060 65070 65079 65089 65099 65108 65118
448 65128 65137 65147 65157 65167 65176 65186 65196 65205 65215
449 65225 65234 65244 65254 65263 65273 65283 65292 65302 65312
450 65321 65331 65341 65350 65360 65369 65379 65389 65398 6540S



Table 6, Logarithms. 829

VD. 1 2 S 4 5 6 7 8 9 DH.

450 65321 65331 65341 65350 65360 65369 65379 65389 65398 65408
451 65418 65427 65437 65447 65456 65466 65475 65485 65495 65504
452 65514 65523 65533 65543 65552 65562 65571 65581 65591 65600
453 65810 65619 65629 65639 65648 65658 65667 65677 65686 65096
454 65706 65715 65725 65734 65744 65753 65763 65772 65782 65792

455 65801 65811 65820 65830 65839 65849 65858 65868 65877 65887
456 65896 65906 65916 65925 65935 65944 65954 65963 65973 65982
457 65992 66001 66011 66020 66030 66039 66049 66058 66068 66077
4S» 66087 66096 66106 66115 66124 66134 66143 66153 66162 66172
459 66181 66191 66200 66210 66219 66229 66238 66247 66257 66266

4C0 66276 66285 66295 66304 66314 66323 66332 66342 66351 66861
4C1 66370 66380 66389 66398 66408 66417 66427 66436 66445 66455
402 66464 66474 66483 66492 66502 66511 66521 66530 66539 66549
463 66558 66567 66577 66586 66596 66605 66614 66624 66633 66642
464 66652 66661 66671 66680 66689 66699 66708 66717 66727 66736

465 66745 66755 66764 66773 66783 66792 66801 66811 66820 66829
466 66839 66848 66857 66867 66876 66885 66894 66904 66913 66922
467 66932 66941 66950 66960 66969 66978 66987 66997 67006 67015
468 67025 67034 67043 67052 67062 67071 67080 67089 67099 67108
469 67117 67127 67136 67145 67154 67164 67173 67182 67191 67201

470 67210 67219 67228 67237 67247 67256 67265 67274 67284 67293 9

471 67302 67311 67321 67330 67339 67348 67357 67367 67376 67385 ' '

472 67394 67403 67413 67422 67431 67440 67449 67459 67468 67477 " «

473 67486 67495 67504 67514 67523 67532 67541 67550 67560 67569 ' »

474 67578 67587 67596 67605 67614 67624 67633 67642 67651 67660 *

'

475 67669 67679 67688 67697 67706 67715 67724 67733 67742 67752 > ^

476 67761 67770 67779 67788 67797 67806 67815 67825 97834 67843 « =

477 67852 67861 67870 67879 67888 67897 67906 67916 67925 67934 '

«

478 67943 67952 67961 67970 67979 67988 67997 68006 68015 68024 »

'

479 68034 68043 68052 68061 68070 68079 68088 68097 68106 68115 »»

480 68124 68133 68142 68151 68160 68169 68178 68187 68196 68205
4»t 68215 68224 68233 68242 68251 68260 68269 68278 68287 68296
482 68305 68314 68323 683b2 68341 68350 68359 68368 68377 68386
483 68395 68404 68413 68422 68431 68440 68449 68458 68467 68476
484 68485 68494 68502 68511 68520 68529 68538 68547 68556 68565

485 68574 68583 68592 68601 68610 68619 68628 68637 68646 68655
486 68664 68673 68681 68690 68699 68708 68717 68726 68735 68744
487 68753 68762 68771 68780 68789 68797 68806 68815 68824 68833
488 68842 68851 68860 68869 68878 68886 68895 68904 68913 68922
489 68931 68940 68949 68958 68966 68975 68984 68993 69002 69011

490 69020 69028 69037 69046 69055 69064 69073 69082 69090 69099
491 69108 69117 69126 69135 69144 69152 69161 69170 69179 69188
492 69197 69205 69214 69223 69232 69241 69249 69258 69267 69276
493 69285 69294 69302 69311 69320 69329 69338 69346 69355 69364
494 69373 69381 69390 69399 69408 69417 69425 69434 69443 69452

495 69461 69469 69478 69487 69496 69504 69513 69522 69531 69539
496 69548 69557 69566 69574 69583 69592 69601 69609 69618 69627
497 69636 69644 69653 69662 69671 69679 69688 69697 69705 69714
498 69723 69732 69740 69749 69758 69767 69775 69784 69793 69801
499 69810 69819 69827 69836 69845 69854 69862 69871 69880 69888
600 69897 69906 69914 69923 69932 69940 69949 69958 69966 69975



9

830 Logarithms. Tables.

no. 0123456789 Bit.

500 69897 69906 69914 69923 69932 69940 69949 69958 69966 69975 «

501 69984 69992 70001 70010 70018 70027 70036 70044 70053 70002 '
»

502 70070 70079 70088 70096 70105 70114 70122 70131 70140 70148 =

"

503 70157 70105 70174 70183 70191 70200 70209 70217 70226 70234 ' '

504 70243 70252 70260 70269 70278 70286 70295 70303 70312 70321 *
*

505 70329 70338 70346 70355 70364 70372 70381 70389 70398 70406 '

'

506 70415 70424 70432 70441 70449 70458 70467 70475 70484 70492 «

»

50? 70501 70509 70518 70526 70535 70544 70552 70561 70569 70578 '

508 70586 70595 70608 70612 70621 70629 70638 70646 70655 70663

509 70672 70680 70689 70697 70706 70714 70723 70731 70740 70749

510 70757 70766 70774 70783 70791 70800 70808 70817 70825 70834

511 70842 70851 70859 70868 70876 70885 70893 70902 70910 70919

512 70927 70935 70944 70952 70961 70969 70978 70986 70995 71003

513 71012 71020 71029 71037 71046 71054 71063 71071 71079 71088
514 71096 71105 71113 71122 71130 71139 71147 71155 71164 71172

515 71181 71189 71198 71206 71214 71223 71231 71240 71248 71257

516 71265 71273 71282 71290 71299 71307 71315 71324 71332 71341

517 71349 71357 71366 71374 71383 71391 71399 71408 71416 71425

518 71433 71441 71450 71458 71466 71475 71483 71492 71500 71508
519 71517 71525 71533 71542 71550 71559 71567 71575 71584 71592

520 71600 71609 71617 71625 71634 71642 71650 71659 71667 71675 »

521 71684 71692 71700 71709 71717 71725 71734 71742 71750 71759 ' '

522 71767 71775 71784 71792 71800 71809 71817 71825 71834 71842 ^^

523 71850 71858 71867 71875 71883 71892 71900 71908 71917 71925 '«

524 71933 71941 71950 71958 71966 71975 71983 71991 71999 72008 * '

525 72016 72024 72032 72041 72049 72057 72066 72074 72082 72090 '

*

526 72099 72107 72115 72123 72132 72140 72148 72156 72165 72173 « ^

527 72181 72189 72198 72206 72214 72222 72230 72239 72247 72255 '

»

528 72263 72272 72280 72288 72296 72304 72313 72321 72329 72337 »

"

529 72346 72354 72362 72370 72378 72387 72395 72403 72411 72419 "
530 72428 72436 72444 72452 72460 72469 72477 72485 72493 72501
531 72509 72518 72520 72534 72542 72550 72558 72567 72575 72583
532 72591 72599 72607 72616 72624 72632 72640 72648 72656 72665
533 72673 72681 72689 72697 72705 72713 72722 72730 72738 72746
534 72754 72762 72770 72779 72787 72795 72803 72811 72819 72827

535 72835 72843 72852 72860 72868 72876 72884 72892 72900 72908
536 72916 72925 72933 72941 72949 72957 72965 72973 72981 72989
537 72997 73006 73014 73022 73030 73038 73046 73054 73062 73070
538 73078 73086 73094 73102 73111 73119 73127 73135 73143 73151
539 73159 73167 73175 73183 73191 73199 73207 73215 73223 73231

540 73239 73247 73255 73263 73272 73280 73288 73296 73304 73312
541 73320 73328 73336 73344 73352 73360 73368 73376 73384 73392
542 73400 73408 73416 73424 73432 73440 73448 73456 73464 73472
543 73480 73488 73496 73504 73512 73520 73528 73536 73544 73552
544 73560 73568 73576 73584 73592 73600 73608 73616 73624 73632

545 73640 73648 73656 73664 73672 73679 73687 73695 73703 73711
546 73719 73727 73735 73743 73751 73759 73767 73775 73783 73791
547 73799 73807 73815 73823 73830 73838 73846 73854 73862 73870
548 73878 73886 73894 73902 73910 73918 73926 73933 73941 73949
549 73957 73965 73973 73981 73989 73997 74005 74013 74020 74028
550 74036 74044 74052 74060 74068 74076 74084 74092 74099 74107



Table 6. Logarithms. 831

no. f S S 4 5 6 7 8 9 mt

530 74036 74044 74052 740G0 740G8 74076 7J0S4 74092 7409!) 741C7 »

551 74115 74123 74131 74139 74147 74155 74102 74170 74178 74186 "
552 74194 74202 74210 7421S 71225 74233 74241 74249 74257 742G5 ^^

553 74273 74280 74288 74290 7'j;{04 74:J12 74320 74327 743:!5 74343 '»

554 74351 74359 74367 74374 74382 74390 74398 74406 74414 74421 *

»

555 74420 74437 74445 74453 74461 74468 74476 74484 74492 74500 ' *

556 74507 74515 74523 7^1531 74539 74347 74554 74562 74570 74578 " «

557 74586 74593 74G01 74609 74G17 74G24 74G32 74G40 74648 74650 '

'

558 74663 74671 74079 74fi87 74G95 7J702 74710 74718 74726 74733 * '

559 74741 74749 74757 74704 74772 747S0 74788 74796 74803 74811 ''

560 74819 74827 74834 74842 74850 74858 74865 74873 74881 74889
561 74896 74904 74912 74920 74927 74935 74943 74950 74958 749G6
562 74974 74981 749S9 74997 75005 75012 75020 75028 75035 75043
563 75051 75059 75006 75074 75082 75089 75097 75105 75113 75120
564 75128 75136 75143 75151 75159 75166 75174 75182 75189 75197

565 75205 75213 75220 75228 75236 75243 75251 75259 75266 75274
566 75282 75289 75297 75305 75312 75320 75328 75335 75343 75351
567 75358 75366 75374 75381 75389 75397 75404 75412 75420 75427
568 75435 75442 75450 75458 75465 75473 75481 75488 75496 75504
569 75511 75519 75526 75534 75542 75549 75557 75565 75572 75580

570 75587 75595 75603 75610 75618 75626 75633 75641 75648 75656
571 75664 75671 75679 75686 75694 75702 75709 75717 75724 75732
572 75740 75747 75755 75702 75770 75778 75785 75793 75800 75808
573 75815 75823 75831 75838 75846 75853 75861 75868 75876 75884
574 75891 75899 75906 75914 75921 75929 75937 75944 75952 75959

575 75967 75974 75982 75989 75997 76005 76012 76020 76027 76035
576 76042 76050 76057 76065 76072 76080 76087 76095 76103 76110
577 76118 76125 76133 76140 76148 76155 76163 76170 76178 76185
578 76193 76200 76208 76215 76223 76230 76238 76245 76253 76260
579 76268 76275 76283 76290 76298 76305 76313 76320 76328 76335

580 76343 76350 76358 76365 76373 7G380 76388 76395 76403 76410
581 76418 76425 76433 76440 76448 76455 76462 76470 76477 76485
582 76492 76500 76507 76515 76522 76530 76537 76545 76552 76559
583 76567 76574 76582 76589 76597 76604 76612 76619 76626 7G634
684 76641 76649 76656 76664 7G671 76678 76686 76G93 76701 76708

585 76716 76723 76730 76738 76745 76753 76760 76768 76775 76782
586 76790 76797 76805 76812 76819 76827 76834 76842 76849 76856
587 76864 76871 76879 76886 76893 76901 76908 76916 76923 76930
588 76938 76945 76953 769G0 76967 76975 76982 76989 76997 77004
589 77012 77019 77026 77034 77041 77048 77056 77063 77070 77078

590 77085 77093 77100 77107 77115 77122 77129 77137 77144 77151 t

591 77159 77166 77173 77181 77188 77195 77203 77210 77217 77225 •

•

592 77232 77240 77247 77254 77262 77269 77276 77283 77291 77298 ^ »

593 77305 77313 77320 77327 77335 77342 77349 77357 77364 77371 ' •

594 77379 77386 77393 77401 77408 77415 77422 77430 77437 77444 *

'

595 77452 77459 77466 77474 77481 77488 77495 77503 77510 77517 > *

596 77525 77532 77539 77546 77554 77561 77568 77576 77583 77590 b
*

597 77597 77605 77612 77619 77627 77634 77641 77648 77656 77663 '

*

598 77670 77677 77685 77692 77699 77706 77714 77721 77728 77735 '

•

599 77743 77750 77757 77764 77772 77779 77786 77793 77801 77808 '

•

600 77815 77822 77830 77837 77844 77851 77859 77866 77873 778S0



832 Logarithms. Table 6.

10. 1 2 3 4 5 6 T 8 9 or

COO 77815 77822 77830 77837 77844 77851 77S59 778C6 77S73 77SSO
<101 77887 77895 77902 77909 77916 77924 77931 77938 77945 77952
COa 77960 77967 77974 77981 77988 77996 78003 78010 7S017 78025
603 78032 78039 78046 78053 78081 78068 78075 78082 78089 78097
604 78104 78111 78118 78r25 78132 78140 78147 78154 78161 78168

605 78176 7S183 78190 78197 78204 78211 78219 78226 78233 78240
600 78247 78254 78262 78269 78276 78283 78290 78207 7S305 78312
eo;- 78319 78326 78333 78340 78347 78355 78302 78309 78376 78383
608 78390 78398 78405 78412 78419 78426 78433 78440 78447 78455
609 78462 78469 78476 78483 78490 78497 78504 78512 78519 78526

610 785B3 78540 78547 78554 78561 78569 78576 78583 78590 78597
611 78604 78611 78618 78625 78633 78640 78647 78654 78661 78068
612 78675 78682 78689 78696 78704 78711 78718 78725 78732 78739
613 78746 78753 78760 78767 78774 78781 78789 78796 78803 78810
614 78817 78824 78831 78838 78845 78852 78859 78866 78873 78880

615 78888 78895 78902 78909 78916 78923 78930 78937 78944 78951
610 78958 78965 78972 78979 78986 78993 79000 79007 79014 79021
617 79029 79036 79043 79050 79057 79064 79071 79078 79085 79092
6!8 79099 79106 79113 79120 79127 79134 79141 79148 79155 79162
619 79169 79176 79183 79190 79197 79204 79211 79218 79225 79232

620 79239 79246 79258 79260 79267 79274 79281 79288 79295 79302 7

621 79309 79316 79323 79330 79337 79344 79351 79358 79365 79372 >
'

622 79379 79386 79393 79400 79407 79414 79421 79428 79435 79442 ^
'

623 79449 79456 79463 79470 79477 79484 79491 79498 79505 79511 '^

624 79518 79525 79532 79539 79546 79553 79560 79567 79574 79581 *

'

625 79588 79595 79602 79609 79616 79623 79630 79637 79644 79650 **

626 79657 79964 79671 79678 79685 79692 79699 79706 79713 79720"'-

627 79727 79734 79741 79748 79754 79761 79768 79775 79782 79789"
628 79796 79803 79810 79817 79824 79831 79837 79844 79851 79858 ««

629 79865 79872 79879 79886 79893 79900 79906 79913 79920 79927''

630 79934 79941 79948 79955 79962 79969 79975 79982 79989 79996
631 80003 80010 80017 80024 80030 80037 80044 80051 80058 80065
632 80072 80079 80085 80092 80099 80106 80113 80120 80127 80134
633 80140 80147 80154 80161 80168 80175 80182 80188 80195 80202
034 80209 80216 80223 80229 80236 80243 80250 80257 80264 80271

635 80277 80284 80291 80298 80305 80312 80318 80325 80332 80339
630 80346 80353 80359 80366 80373 80380 80387 80393 80400 80407
637 80414 80421 80428 80434 80441 80448 80455 80462 80468 80475
638 80482 80489 80496 80502 80509 80516 80523 80530 80536 80543
63D 80550 80557 80561 80570 80577 80584 80591 80598 80604 80011

640 80618 80625 80632 80638 80645 80652 80659 80665 80672 80679
641 80686 80693 80699 80706 8071B 80720 80726 80733 80740 80747
642 80754 80760 80767 80774 80781 80787 80794 80801 80808 80814
643 80821 80828 80835 80841 80848 80855 80862 80868 80875 80882
644 80889 80895 80902 80909 80916 80922 80929 80936 80943 80949

645 80956 80963 80969 80976 80983 80990 80996 81003 81010 81017
646 81023 81030 81037 81043 81050 81057 81064 81070 81077 81084
647 81090 81097 81104 81111 81117 81124 81131 81137 81144 81151
648 81158 81164 81171 81178 81184 81191 81198 81204 81211 81218
649 81224 81231 81238 81245 81251 81258 81265 81271 81278 81285
650 81291 81298 81305 81311 81318 81325 81331 81C38 81345 81351



Tables. Logarithms. 838

1!0. 1 2 S 4 5 6 7 8 9 Dif.

G50 8128] 81298 81305 81311 81318 81325 81331 81338 81345 81351 '

051 81358 81365 81371 81378 81385 81391 81398 81405 81411 81418 "
652 81425 81431 81438 81445 81451 81458 81465 81471 81478 81485 = '

653 81491 81498 81505 81511 81518 81525/81531 81538 81544 81551 »=

654 81558 81564 81571 81578 81584 8159181598 81604 81611 81617 *»

655 81624 81631 81637 81644 81651 81657 81664 81671 81677 81684 '*

656 81690 81697 81704 81710 81717 81723 81730 81737 81743 81750 « *

657 81757 81763 81770 81776 81783 81790 81796 81803 81809 81816 '°

658 81823 81829 81836 81842 81849 81856 81862 81869 81875 81882 ' «

659 81889 81895 81902 81908 81915 81921 81928 81935 81941 81948 ^ '

660 81954 81961 81968 81974 81981 81987 81994 82000 82007 82014
661 82020 82027 82033 82040 82046 82053 82060 82066 82073 82079
662 82086 82092 82099 82105 82112 82119 82125 82132 82138 82145
063 82151 82158 82164 82171 82178 82184 82191 82197 82204 82210
664 82217 82223 82230 82236 82243 82249 82256 82263 82269 82276

665 82282 82289 82295 82302 82308 82315 82321 82328 82334 82341
666 82317 82354 82360 82367 82373 82380 82387 82393 82400 82406
667 82413 82419 82426 82432 82439 82445 82452 82458 82465 82471
668 82478 82484 82491 82497 82504 82510 82517 82523 82530 82536
669 82543 82549 82556 82562 82569 82575 82582 82588 82595 82601

670 82607 82614 82020 82627 82633 82640 82646 82653 82659 82666
671 82072 82079 82085 82692 8§698 82705 82711 82718 82724 82730
672 82737 82743 82750 82756 82763 82769 82776 82782 82789 82795
673 82S02 82808 82814 82821 82827 8P834 82840 82847 82853 82860
674 82866 82872 82879 82885 82892 82898 82905 82911 82918 82924

075 82930 82937 82943 82950 82956 82963 '82969 82975 82982 82988
670 82905 83001 83008 83014 83020 83027 83033 83040 83046 83052
677 83059 83065 83072 83078 83085 83091 83097 83104 83110 83117
678 83123 83129 83136 83142 83149 83155 83161 83168 83174 83181
679 S31S7 83193 83200 83206 83213 83219 83225 83232 83238 83245

680 83251 83257 83264 83270 83276 83283 83289 83296 83302 83308 6

081 83315 83321 83327 83334 83340 83347 83353 83359 83366 83372 > •

682 83378 S3;!S5 83391 83398 83404 83410 83417 83423 83429 83436 ^

'

08;$ 83442 83448 83455 83461 83467 83474 83480 83487 83493 83499 '

»

084 83500 83512 S351S 83525 83531 83537 83544 83550 83556 83563 * »

GR5 83569 83575 83582 83588 83594 83601 83607 83613 83620 83626 '

"

086 83632 83039 83045 83051 83658 83664 83670 83677 83683 83689 ' *

687 83696 83702 83708 83715 83721 83727 83734 83740 88746 83753 ' '

688 83759 837S5 83771 83778 83784 83790 83797 88803 83809 88816 '

»

689 83822 83828 83835 83841 83847 83853 83860 83866 83872 83879 ^

690 83885 83891 83897 83904 83910 83916 83923 83929 83935 83942
691 83948 83954 83960 83967 83973 83979 83985 83992 83998 84004
092 84011 S4017 84023 84029 84036 84042 84048 84055 84061 84067
093 84073 S40S0 84086 84092 84098 84105 84111 84117 84123 84130
694 84130 84142 84148 84155 84161 84167 84173 84180 84186 84192

695 84198 S4205 84211 84217 84223 84230 84236 84242 84248 84255

696 84261 84267 84273 84280 84280 84292 84298 84305 84311 84317

097 84323 S4330 84330 84342 84348 84354 84361 84367 84373 84379
098 81386 S4392 84398 84404 84410 84417 84423 84429 84435 84442
099 84448 84454 84460 S4406 84473 84479 84485 84491 84497 84504
700 84510 84516 84522 84528 84535 84541 84547 84553 84559 84566



834 Logarithms. Tables.

KO. 1 i8 3 4 5 6 •? 8 9 Dif.

700 84510 84516 84522 84528 84535 84541 84547 84553 84559 84566

701 84572 84578 84584 84590 84597 84603 84G09 84615 84621 84628

703 84634 84640 84646 84652 84658 84665 84671 84677 84683 84689

703 84696 84702 84708 84714 84720 84726 84733 84739 84745 84751

704 84757 84763 84770 84776 84782 84788 84794 84800 84807 84818

705 84819 84825 84831 84837 84844 84850 84856 84862 84868 84874
706 84880 84887 84893 84899 84905 84911 84917 84924 84930 84936
707 84942 84948 84954 84960 84967 84973 84979 84985 84991 84997
708 85003 85009 86016 85022 85028 85034 85040 85046 85052 85058
709 85065 85071 85077 85083 85089 85095 85101 85107 85114 85120

710 85126 85132 85138 85144 85150 85156 85163 85169 85175 85181
711 85187 85193 85199 85205 85211 85217 85224 85230 85236 85242
712 85248 85254 85260 85266 85272 85278 85285 85291 85297 85303
713 85309 85315 85321 85327 85333 85339 85345 85352 85358 85364
714 85370 85376 85382 85388 85394 85400 85406 85412 85418 85425

7(5 85431 85437 85443 85449 85455 85461 85467 85473 85479 85485
7J7 85491 85497 85503 85509 85516 85522 85528 85534 85540 85546
716' 85552 85558 85564 85570 85576 85582 85588 85594 85600 85006
718 85612 85618 85625 85631 85637 85643 85649 85655 85661 85667
719 85673 85679 85685 85691 85697 85703 85709 85715 85721 85727

720 85733 85739 85745 85751 85757 85763 8")769 85775 85781 85788 s

721 85794 85800 85806 85812 85818 8.^824 85830 85836 85842 85848 ' '

722 85854 85860 85866 85872 85878 85884 85890 85896 85902 85908 ^ •

723 85914 85920 85926 85932 85938 85944 85950 85956 85962 85968 '

«

724 85974 85980 85986 85992 85998 86004 86010 86016 86022 86028 * 2

725 86034 86040 86046 86052 86058 86064 86070 86076 86082 86088 ">

'

726 86094 86100 86106 86112 86118 86124 86130 86136 86141 86147 »*

727 86153 86159 86165 86171 86177 86183 86189 86195 86201 86207 '«

728 86213 86219 86225 86231 86237 86243 86249 86255 86261 86267 « s

729 86273 86279 86285 86291 86297 86303 86308 86314 86320 86326 ^

"

730 86332 86338 86344 83350 86356 86362 86368 86374 86380 86386
7-M 86392 86398 86404 86410 86415 86421 86427 86433 86439 86445
732 86451 86457 86463 86469 86475 86481 86487 86493 86499 86504
733 86510 86516 86522 86528 86534 86540 86546 86552 86558 86564
734 86570 86576 86581 86587 86593 86599 86605 86611 86617 86623

735 86629 86635 86641 86646 86652 86658 86664 86670 86676 86682
736 86688 86694 86700 86705 86711 86717 86723 86729 86735 86741
737 86747 86753 86759 86764 86770 86776 86782 86788 8C794 86800
738 86806 86812 86817 86823 86829 86835 86841 86847 86853 86859
739 86864 86870 86876 86882 86888 86894 86900 86906 86911 86917

740 86923 86929 86935 86941 86947 86953 86958 86964 80970 86976
Til 86982 86988 86994 86999 87005 87011 87017 87023 87029 87035
742 87040 87046 87052 87058 87064 87070 87075 87081 87087 87093
743 87099 87105 87111 87116 87122 87128 87134 87140 87146 87151
744 87157 87163 87169 87175 87181 87186 87192 87198 87204 87210

745 87216 87221 87227 87233 87239 87245 87251 87256 87262 87268
740 87274 87280 87286 87291 87297 87303 87309 87315 87320 87326
747 87332 87338 87344 87349 87355 87361 87367 87373 87379 87384
748 87390 87396 87402 87408 87413 87419 87425 87431 87437 87442
749 87448 87454 87460 87466 87471 87477 87483 87489 87495 87500
750 87506 87512 87518 87523 87529 87535 87641 87547 87552 87558



table 6. Logarithms. 835

FO. 1 2 3 4 5 G 7 a oif.

7Z0 87506 87C12 87518 87523 87529 87535 87541 87547 87552 87558
751 87564 87570 87576 87581 87587 87593 87599 87604 87610 87616
762 87622 87628 87633 87639 87645 87651 87656 87662 87668 87674
<53 87679 87085 87691 87697 87703 87708 87714 87720 87726 87731
754 87737 87743 87749 87754 87760 87766 87772 87777 87783 87789

755 87795 87800 87806 87812 87818 87823 87829 87835 87841 87846
756 87852 87858 87864 87869 87875 87881 87887 87892 87898 87904
757 87910 87915 87921 87927 87933 87938 87944 87950 87955 87961
758 87967 87973 87978 87984 87990 87996 88001 88007 88013 88018
759 88024 88030 88036 88041 88047 88053 88058 88064 88070 88076

700 88081 88087 88093 88098 88104 88110 88116 88121 88127 88133
701 88138 88144 88150 88156 88161 88167 88173 88178 88184 88190
762 88195 88201 88207 88213 88218 88224 88230 88235 88241 88247
763 88252 88258 88264 88270 88275 88281 88287 88292 88298 88304
764 88309 88315 88321 88326 88332 88338 88343 88349 88355 88360

705 88366 88372 88377 88383 88389 88395 88400 88406 88412 88417
7f56 88423 88429 88434 88440 88446 88451 88457 88463 88468 88474
767 88480 88486 88491 88497 88502 88508 88513 88519 88525 88530
768 88536 88542 88547 88553 88559 88564 88570 88576 88581 88587
709 88593 88598 88604 88610 88615 88621 88627 88632 88638 88643

770 88649 88655 88660 88666 88672 88677 88683 88689 88694 88700 6

771 88705 88711 88717 88722 88728 88734 88739 88745 88750 88756 » '

772 88762 88767 88773 88779 88784 88790 88795 88801 88807 88812 " •

773 88818 88824 88829 88835 88840 88846 88852 88857 88863 88868
774 88874 88880 88885 88891 88897 88902 88908 88913 88919 88925

775 88930 88936 88941 88947 88953 88958 88964 88969 88975 88981 »

»

77G 88986 88992 88997 89003 89009 89014 89020 89025 89031 89037 «

*

777 89042 89048 89053 89059 89064 89070 89076 89081 89087 89092
778 89098 89104 89109 89115 89120 89126 89131 89137 89143 89148
779 89154 89159 89165 89170 89176 89182 89187 89193 89198 89204 '

»

7«0 89209 89215 89221 89220 89232 89237 89243 89248 89254 89260
781 89265 89271 89276 89282 89287 89293 89298 89304 89310 89315
782 89321 89326 89332 89337 89343 89348 89354 89360 89365 89371
783 89376 89382 89387 89393 89398 89404 89409 89415 89421 89426
784 89432 89437 89443 89448 89454 89459 89465 89470 89476 89481

7«5 89487 89492 89498 89504 89509 89515 89520 89526 89531 89537
786 89542 89548 89553 89559 89564 89570 89575 89581 89586 89592
787 89597 89603 89609 89614 89620 89625 89631 89636 89642 89647
788 89653 89658 89664 89669 89075 89680 89686 89091 89697 89702
789 89708 89713 89719 89724 89730 89735 89741 89746 89752 89757

790 89763 89768 89774 89779 89785 89790 89796 89801 89807 89812
791 89818 89823 89829 89834 89840 89845 89851 89856 89802 89867
792 S9873 89878 89S83 89889 89894 89900 89905 89911 89916 89922
793 89927 89933 89938 89944 89949 89955 89960 89906 89971 89977
794 89982 89988 89993 89998 90004 90009 90015 90020 90026 90031

795 90037 90042 90048 90053 90059 90004 90069 90075 90080 90086
790 90091 90097 90102 90108 90113 90119 90124 90129 90135 90140
797 90146 90151 90157 90162 90168 90173 90179 90184 90189 90195
798 90200 90206 90211 90217 90222 90227 90233 90238 90244 90249

799 90255 90260 90206 90271 90276 90282 90287 90293 90298 90304
800 90309 90314 90320 90325 90331 90336 90342 90347 90352 90358

3 2

4 2

B i



836 Logarithms. Table 6.

RO. Of88 45 678»Dll
OOO 90309 90314 90320 90325 90331 90336 90342 90347 90352 90358
801 90863 90369 90374 90380 90385 90390 90396 90401 90407 90412
802 90417 90423 90428 90434 90439 90445 90450 90455 90461 90466
803 90472 90477 90482 90488 90493 90499 90504 90509 90515 90520
804 90526 90531 90536 90542 90547 90553 90558 90563 90569 90574

805 90580 90585 90590 90596 90601 90607 90612 90617 90623 90628
«0f> 90634 90639 90644 90650 90655 90660 90666 90671 90677 90682
«07 90687 90693 90698 90703 90709 90714 90720 90725 90730 90736
808 90741 90747 90752 90757 90763 90768 90773 90779 90784 90789
809 90795 90800 90806 90811 90816 90822 90827 90832 90838 90843

810 90849 90854 90859 90865 90870 90875 90881 90886 90891 90897
«tl 90902 90907 90913 90918 90924 90929 90934 90940 90945 90950
812 90956 90961 90966 90972 90977 90982 90988 90993 90998 91004
813 91009 91014 91020 91025 91030 91036 91041 91046 91052 91057
814 91062 91008 91073 91078 91084 91089 91094 91100 91105 91110

815 91116 91121 91126 91132 91137 91142 91148 91153 91158 91164
816 91169 91174 91180 91185 91190 91196 91201 91206 91212 91217
817 91222 91228 91233 91238 91243 91249 91254 91259 91265 91270
818 91275 91281 91286 91291 91297 91302 91307 91312 91318 91323
819 91328 91334 91339 91344 91350 91355 91360 91365 91371 91376

820 91381 91887 91392 91897 91403 91408 91413 91418 91424 91429 5

821 91434 91440 91445 91450 91455 91461 91466 91471 91477 91482"
822 91487 91492 91498 91503 91508 91514 91519 91524 91529 91585 ^

»

823 91540 91545 91551 91556 91561 91566 91572 91577 91582 91587 '»

824 91593 91598 91603 91609 91614 91619 91624 91630 91635 91640 ^^

825 91645 91651 91656 91661 91666 91672 91677 91682 91687 91693 ^^

82(5 91698 91703 91709 91714 91719 91724 91730 91785 91740 91745 «
'

827 91751 91756 91761 91766 91772 91777 91782 91787 91793 91798"
828 91803 91808 91814 91819 91824 91829 91834 91840 91845 91850 «*

829 91855 91861 91866 91871 91876 91882 91887 91892 91897 91903"'

830 91908 91913 91918 91924 91929 91934 91939 91944 91950 91955
831 91960 919u5 91971 91976 91981 91986 91991 91997 92002 92007
832 92012 92018 92023 92028 92083 92038 92044 92049 92054 92059
833 92005 92070 92075 92080 92085 92091 92096 92101 92106 92111
C34 92117 92122 92127 92132 92137 92143 92148 92153 92158 92163

835 92169 92174 92179 92184 92189 92195 92200 92205 92210 92215
836 92221 92226 92281 92236 92241 92247 92252 92257 92262 92267
837 92273 92278 92283 92288 92293 92298 92304 92309 92814 92819
C38 92324 92330 92385 92340 92345 92850 92355 92361 92366 92371
839 92376 92381 92387 92392 92397 92402 92407 92412 92418 92423

840 92428 92483 92438 92443 92449 92454 92459 92464 92469 92474
841 92480 92485 92490 92495 92500 92505 92511 92510 92521 92526
812 92531 92536 92542 92547 92552 92557 92562 92567 92572 92578
843 92583 92588 92593 92598 92603 92609 92614 92619 92624 92629
844 92634 92639 92645 92650 92655 92660 92665 92670 92675 92681

845 92686 92691 92696 92701 92706 92711 92716 92722 92727 92732
846 92737 92742 92747 92752 92758 92763 92768 92773 92778 92783
847 92788 92793 92799 92804 92809 92814 92819 92824 92829 92834
848 92840 92845 92850 92855 92860 92865 92870 92875 92881 92886
849 92891 92896 92901 92906 92911 92916 92921 92927 92932 92937
850 92942 92947 92952 92957 92962 92967 92973 92978 92983 92988



Table 6. Logarithms. 837

no. < 2 3 4 5 6 7 8 9 Dif.

K50 92942 92947 92952 92957 92962 92967 92973 92978 92983 92988
851 92993 92998 93003 93008 93013 93018 93024 93029 93034 93039
»52 93044 93049 93054 93059 93064 93069 93075 93080 93085 93090
»53 930D5 93100 93105 93110 93115 93120 93125 93131 93136 93141
a54 93146 93151 93156 93161 93166 93171 93176 93181 93186 93192

855 93197 93202 93207 93212 93217 93222 93227 93232 93237 93242
856 93247 93252 93258 93263 93268 93273 93278 93283 93288 93293
«57 93298 93303 93308 93313 93318 93328 93328 93334 93339 93344
«5« 93349 93354 93359 93304 93369 93374 93379 93384 93389 93394
»59 93399 93404 93409 93414 93420 93425 93430 93435 93440 93445

860 93450 93455 93460 93465 93470 93475 93480 93485 93490 93495
8f>l 93500 93505 93510 93515 93520 93528 93531 93536 93541 93546
«6a 93551 93556 03561 93566 93571 9357(i 93581 93586 93591 93596
863 93301 93606 93611 93616 93621 9362ij 93631 93636 93641 93646
864 93651 93656 93661 93666 93671 93676 93682 93687 93692 93697

865 93702 93707 93712 93717 93722 93727 93732 93737 93742 93747
866 93752 93757 93762 93767 93772 93777 93782 93787 93792 93797
86? 93802 93807 93812 93817 93822 93827 93832 93837 93842 93847
868 93852 93857 93862 93867 93872 93877 93882 93887 93892 93897
869 93902 93907 93912 93917 93922 93927 93932 93937 93942 93947

870 93952 93957 93962 93967 93972 93977 93982 93987 93992 93997 »

871 94002 94007 94012 94017 94022 94027 94032 94037 94042 94047 '
»

872 94052 94057 94062 94067 94072 94077 94082 94086 94091 94096 ^
»

873 94101 94106 94111 94116 94121 94126 94131 94136 94141 94146'^
874 94151 94156 94161 94166 94171 94176 94181 94186 94191 94196*'

875 94201 94206 94211 94216 94221 94226 94231 94236 94240 94245 ^^

876 94250 94255 94260 94265 94270 94275 94280 94285 94290 94295 «

»

877 94300 94305 94310 94315 94320 94325 94330 94335 94340 94345'*
878 94349 94354 94359 94364 94369 94374 94379 94384 94389 94394'*
879 94399 94404 94409 94414 94419 94424 94429 94433 94438 94443'

»

880 94448 94453 94458 94463 04468 94473 94478 94483 94488 94493
881 94498 94503 94507 94512 94517 94522 94527 94532 94537 94542
882 94547 94552 94557 94562 94567 94571 94576 94581 94586 945!! 1

883 94596 94601 94606 94611 94616 94621 94626 94630 94635 94640
884 94645 94650 94655 94S60 94665 94670 94675 94680 94685 94089

885 94694 94699 94704 94709 94714 94719 94724 94729 94734 94738
886 94743 94748 94753 94758 94763 94768 94773 94778 94783 94787
887 94792 94797 94802 94807 94812 94817 94822 94827 94832 94836
888 94841 94846 94851 94856 94861 94866 94871 94876 94880 94885
889 94890 94895 94900 94905 94910 94915 94919 94924 94929 94934

890 94939 94944 94949 94954 94959 94963 94968 94973 94978 94983
891 94988 94993 94998 95002 95007 95012 95017 95022 95027 95032
893 95036 95041 95046 95051 95056 95061 95066 95071 95075 95080
893 95085 95090 95095 95100 95105 95109 95114 95119 95124 95129

8t)4 95134 95139 95143 95148 95153.95158 95163 95168 95173 95177

895 95182 95187 95192 95197 95202 95207 95211 95216 95221 95226
896 95231 95236 95240 95245 95250 95255 95260 95265 95270 95274
897 95279 95284 95289 95294 95239 95303 95308 95313 95318 95323
898 95328 95332 95337 95342 95347 95352 95357 95361 95366 95371
899 95376 95381 95386 95390 95395 95400 95405 95410 95415 95419'

900 95424 95429 95434 95439 95444 95448 95453 95458 95463 95468
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FO, J 2 3 4 5 6 ;' « 9 oi(,

900 95424 95429 95434 95439 95444 95448 95453 95158 95463 95468
901 95472 95477 95482 95487 95492 95497 95501 95506 95511 95516
902 95521 95525 95530 95535 95540 95545 95550 95554 95559 95564
903 95569 95574 95578 95583 95588 95593 95598 95602 95607 95612
904 95617 95622 95026 95631 95636 95641 95646 95650 95655 95660

905 95665 95670 95674 95679 95684 95689 95694 95698 95703 95708
906 95713 95718 95722 95727 95732 95737 95742 95746 95751 95756
907 95761 95766 95770 95775 95780 95785 95789 95794 95799 95804
908 95809 95813 95818 95823 95828 95832 95837 95842 95847 95852
909 95856 95861 95866 95871 95875 95880 95885 95890 95895 95899

910 95904 95909 95914 95918 95923 95928 95933 95938 95942 95947
911 95952 95957 95961 95966 95971 95976 95980 95985 95990 95995
912 95999 96004 96009 96014 96019 96023 96028 96033 96038 96042
913 96047 96052 96057 96061 90066 96071 96076 96080 96085 96090
914 96095 96099 96104 96109 96114 96118 96123 96128 96133 96137

9!5 96142 96147 96152 96156 96161 96166 96171 96175 96180 96185
916 96190 96194 96199 96204 96209 96213 96218 96223 96227 96232
DH 96237 90242 96246 96251 96256 96261 96265 96270 96275 96280
918 96284 96289 96294 96298 96303 96308 96313 96317 96322 96327
919 96332 96336 96341 96346 96350 96355 96360 96365 96369 96374

920 96379 96384 96388 96393 96398 96402 96407 96412 96417 96421 s

921 96426 96431 96435 96440 96445 96450 96454 96459 96464 96468 ' '

922 96473 96478 96483 96487 96492 96497 96501 96506 96511 96515 ^ i

923 96520 96525 96530 96534 96539 96544 96548 96553 96558 96562 '

^

924 96567 96572 96577 96581 96586 96591 96595 96600 96605 96609 * ^

925 96614 96619 96624 96628 96633 96638 96642 96647 96652 96656 ^

'

926 96661 96666 96670 96675 96680 96685 96689 96694 96699 96703 « '

927 96708 96713 96717 96722 96727 96731 96736 96741 96745 96750 '

*

928 96755 96759 96764 96769 96774 96778 96783 96788 96792 96797 ' *

929 96802 96806 96811 96816 96820 96825 96830 96834 96839 96844 «

»

930 96848 96853 96858 96862 96867 96872 96876 96881 96886 96890
9!l 96895 96900 96904 96909 96914 96918 96923 96928 96932 96937
932 96942 96946 96951 96956 96960 96965 96970 96974 96979 96984
933 96988 96993 96997 97002 97007 97011 97016 97021 97025 97030
934 97035 97039 97044 97049 97053 97058 97063 97067 97072 97077

935 97081 97086 97090 97095 97100 97104 97109 97114 97118 97123
936 97128 97132 97137 97142 97146 97151 97155 97160 97165 97169
937 97174 97179 97183 97188 97192 97197 97202 97206 97211 97216
938 97220 97225 97230 97234 97239 97243 97248 97253 97257 97262
939 97267 97271 97276 97280 97285 97290 97294 97299 97304 97308

040 97313 97317 97322 97327 97331 97336 97340 97345 97350 97354
941 97359 97364 97368 97373 97377 97382 97387 97391 97396 97400
942 97405 97410 97414 97419 97424 97428 97433 97437 97442 97447
943 97451 97456 97460 97465 97470 97474 97479 97483 97488 97493
944 97497 97502 97506 97511 97516 97520 97525 97529 97534 97539

945 97543 97548 97552 97557 97562 97566 97571 97575 97580 97585
946 97589 97594 97598 97603 97607 97612 97617 97621 97620 97630
947 97635 97640 97644 97649 97653 97658 97663 97667 97672 97676
948 97681 97685 97690 97695 97699 97704 97708 97713 97717 97722
949 97727 97731 97736 97740 97745 97749 97754 97759 97763 97768
950 97772 97777 97782 97786 97791 97795 97800 97804 97809 97813
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Ho. 01S3456V89 oif.

950 97772 97777 97782 97786 97791 97795 97800 97804 97809 97813 5

95t 97818 97823 97827 97832 97836 97841 97845 97850 97855 97859 ' >

952 97864 97868 97873 97877 97882 97886 97891 97896 97900 97905 = »

953 97909 97914 97918 97923 97928 97932 97937 97941 97946 97950 ' ^

954 97955 97959 97964 97968 97973 97978 97982 97987 97991 97996 *^

955 98000 98005 98009 98014 98019 98023 98028 98032 98037 98041 '

'

956 98046 98050 98055 98059 98064 98068 98073 98078 98082 98087 « '

957 98091 98096 98100 98105 98109 98114 98118 98123 98127 98132 '*

958 98137 98141 98146 98150 98155 98159 98164 98168 98173 98177 '*

959 98182 98186 98191 98195 98200 98204 98209 98214 98218 98223 ' "

960 98227 98232 98236 98241 98245 98250 98254 98259 98263 98268
961 98272 98277 98281 98286 98290 98295 98299 98304 98308 98313
962 98318 98322 98327 98331 98336 98340 98345 98349 98354 98358
963 98363 98367 98372 98376 98381 98385 98390 98394 98399 98403
964 98408 98412 98417 98421 98426 98430 98435 98439 98444 98448

965 98453 98457 98462 98466 98471 98475 98480 98484 98489 98493
906 98498 98502 98507 98511 98516 98520 98525 98529 98534 98538
967 98543 98547 98552 98556 98561 98565 98570 98574 98579 98583
968 98588 98592 98597 98601 98005 98610 98614 98619 98623 98628
969 98632 98637 98641 98640 98650 98655 98659 98664 98668 98073

970 98677 98682 98686 98691 98695 98700 98704 98709 98713 98717
971 98722 98726 98731 98735 98740 98744 98749 98753 98758 98762
972 98767 98771 98776 98780 98784 98789 98793 98798 98802 98807
973 98811 98816 98820 98825 98829 98834 98838 98843 98847 98851
974 98856 98860 98865 98869 98874 98878 98883 98887 98892 98896

975 98900 98905 98909 98914 98918 98923 98927 98932 98Q36 98941

976 98945 98949 98954 98958 98963 98967 98972 98976 98981 98985
977 98989 98994 98998 99003 99007 99012 99016 99021 99025 99029
978 99034 99038 99043 99047 99052 99056 99061 99065 99069 99074
979 99078 99083 99087 99092 99096 99100 99105 99109 99114 99118

980 99123 99127 99131 99136 99140 99145 99149 99154 99158 99162

981 99167 99171 99176 99180 99185 99189 99193 99198 99202 99207
9H2 99211 99216 99220 99224 99229 99233 99238 99242 99247 99251

983 99255 99260 99264 99269 99273 99277 99282 99286 99291 99295

984 99300 99304 99308 99313 99317 99322 99326 99330 99335 99339

985 99344 99348 99352 99357 99361 99366 99370 99374 99379 99383

986 99388 99392 99396 99401 99405 99410 99414 99419 99423 99427

987 99432 99436 99441 99445 99449 99454 99458 99463 99467 99471

988 99476 99480 99484 99489 99493 99498 99502 99506 99511 99515

989 99520 99524 99528 99533 99537 99542 99546 99550 99555 99559

990 99564 99568 99572 99577 99581 99585 99590 99594 99599 99603 *

991 99607 99612 99616 99621 99625 99629 99634 99638 99642 99647 •«

992 99651 99656 99660 99664 99669 99673 91)677 99682 99686 99691 ' •

993 99695 99699 99704 99708 99712 99717 99721 99726 99730 99734 '

'

994 99739 99743 99747 99752 99756 99760 99765 99769 99774 99778

995 99782 99787 99791 99795 99800 99804 99808 99813 99817 99822

996 99826 99830 99835 99839 99843 99848 99852 99856 99861 99865

997 99870 99874 99878 99883 99887 99891 99896 99900 99904 99909

998 99913 99917 99922 99926 99930 99935 99939 99944 99948 99952

999 99957 99961 99965 99970 99974 99978 99983 99987 99991 99996

1000 00000 00004 00009 00013 00017 00032 00026 00030 00035 00039

i 2
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I S3 45 67 89 DH

1000 00000 00004 00009 00013 00017 00022 00026 00030 00035 00039
1001 00043 00048 00052 00056 00061 00065 00069 00074 00078 00082
1002 00087 00091 00095 00100 00104 00108 00113 00117 00121 00126
1003 00130 00134 00139 00143 00147 00152 00156 00160 00165 00169
1004 00173 00178 00182 00186 00191 00195 00199 00204 00208 00212

1005 00217 00221 00225 00230 00234 00238 00243 00247 00251 00255
1006 00260 00264 00268 00273 00277 00281 00286 00290 00294 00299
1007 00303 00307 00312 00316 00320 00325 00329 00333 00337 00342
1008 00346 00350 00355 00359 00363 00368 00372 00376 00381 00385
1009 00389 00393 00398 00402 00406 00411 00415 00419 00424 00428

1010 00432 00436 00441 00445 00449 00454 00458 00462 00467 00471

1011 00475 00479 00484 00488 00492 00497 00501 00505 00509 00514
1012 00518 00522 00527 00531 00535 00540 00544 00548 00552 00557
1013 00561 00565 00570 00574 00578 00582 00587 00591 00595 00600
1014 00604 00608 00612 00617 00621 00625 00629 00634 00638 00642

1015 00647 00651 00655 00659 00664 00668 00672 00677 00681 00C85
1016 00689 00694 00698 00702 00706 00711 00715 00719 00724 00728
1017 00732 00736 00741 00745 00749 00753 00758 00762 00766 00771
1018 00775 00779 00783 00788 00792 00796 00800 00805 00809 00813
1019 00817 00822 00826 00830 00834 00839 00843 00847 00852 00856

1020 00860 00864 00869 00873 00877 00881 00886 00890 00894 00898 *

1021 00903 00907 00911 00915 00920 00924 00928 00932 00937 0094P °

1022 00945 00949 00954 00958 00962 00966 00971 00975 00979 00983 ^
»

1023 00988 00992 00996 01000 01005 01009 01013 01017 01022 01026' '

1024 01030 01034 01038 01043 01047 01051 01055 01060 01064 01068*^

1025 01072 01077 01081 01085 01089 01094 01098 01102 01106 01111 '
^

1026 01115 01119 01123 01127 01132 01136 01140 01144 01149 01153 «

=

102? 01157 01161 01166 01170 01174 01178 01182 01187 01191 01195"
1028 01199 01204 01208 01212 01216 01220 01225 01229 01233 01237 «

'

1029 01242 01246 01250 01254 01258 01263 01267 01271 01275 01280 '^

lOSO 01284 01288 01292 01296 01301 01305 01309 01313 01317 01322
1031 01326 01330 01334 01339 01343 01347 01351 01355 01360 01364
1032 01368 01372 01376 01381 01385 01389 01393 01397 01402 01406
1033 01410 01414 01418 01423 01427 01431 01435 01439 01444 01448
1034 01452 01456 01460 01465 01469 01473 01477 01481 01486 014CO

1035 01494 01498 01502 01507 01511 01515 01519 01523 01528 01532
1036 01536 01540 01544 01549 01553 01557 01561 01565 01569 01574
1037 01578 01582 01586 01590 01595 01599 01603 01607 01611 01616
1038 01620 01624 01628 01632 01636 01641 01645 01649 01653 01657
1039 01662 01666 01670 01674 01678 01682 01687 01691 01695 01699

1040 01703 01708 01712 01716 01720 01724 01728 01733 01737 01741
1041 01745 01749 01753 01758 01762 01766 01770 01774 01778 01783
1042 01787 01791 01795 01799 01803 01808 01812 01816 01820 01824
1043 01828 01833 01837 01841 01845 01849 01853 01858 01862 01806
1044 01870 01874 01878 01883 01887 01891 01895 01899 01903 01907

1045 01912 01916 01920 01924 01928 01932 01937 01941 01945 01949
1046 01953 01957 01961 01966 01970 01974 01978 01982 01986 01991
1047 01995 01999 02003 02007 02011 02015 02020 02024 02028 02032
1048 02036 02040 02044 02049 02053 02057 02061 02065 02069 02073
1049 02078 02082 02086 02090 02094 02098 02102 02107 02111 02115
1050 02119 02123 02127 02131 02135 02140 02144 02148 02152 02156
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1050 02119 02123 02127 02131 02135 02140 02144 02148 02152 02156
1051 021u0 02164 02169 02173 02177 02181 02185 02189 02193 02197
1052 02202 02208 02210 02214 02218 02222 02226 02230 02235 02239
105S 02243 02247 02251 02255 02259 02263 02268 02272 02276 02280
1054 02284 02288 02292 02296 02301 02305 02309 02313 02317 02321

1055 02325 02329 02333 02338 02342 02346 02350 02354 02358 02362
1056 02366 02371 02375 02379 02383 02387 02391 02395 02399 02403
1057 02407 02412 02416 02420 02424 02428 02432 02436 02440 02444
1058 02449 02453 02457 02461 02465 02469 02473 02477 02481 02485
1059 02490 02494 02498 02502 02506 02510 02514 02518 02522 02526

1060 02531 02535 02539 02543 02547 02551 02555 02559 02563 02567
1081 02572 02576 02580 02584 02588 02592 02596 02600 02604 02608
1062 02612 02617 02621 02625 02629 02633 02637 02641 02645 02649
iO'63 02653 02657 02661 02686 02670 02674 02678 02682 02686 02690
101>4 02894 02698 02702 02706 02710 02715 02719 02723 02727 02731

1035 02735 02739 02743 02747 02751 02755 02759 02763 02768 02772
1066 02776 02780 02784 02788 02792 02798 02800 02804 02808 02812
1007 02816 02821 02825 02829 02833 02837 02841 02845 02849 02853
1008 02857 028',n 02885 02869 02873 02877 02882 02886 02890 02894
1089 02898 02302 02908 02910 02914 02918 02922 02926 02930 02934

1070 02938 02942 02946 02951 02955 02959 02963 02967 02971 02975 4

1071 02979 02983 02987 02991 02995 02999 03003 03007 03011 03015 lo

1072 03019 03024 03028 03032 03038 03040 03044 03048 03052 03056 2 '

1073 03080 03064 O3068 03072 03076 03080 03084 03088 03092 03096 » 1

1074 03100 03104 0S109 03113 03117 03121 03125 03129 03183 03137 *2

1075 03141 03145 03149 03153 03157 03161 03165 03169 03178 03177 sa

l;»70 03181 03185 03189 03193 03197 03201 03205 03209 03214 03218 e^

1077 03222 03228 03230 03234 03238 03242 03246 03250 03254 03258 '

'

1078 03262 03268 03270 03274 03278 03282 03288 03290 03294 03298 » '

1079 03302 03306 03310 03314 08318 08322 03326 03330 03334 03338 »

*

1080 03342 03346 03350 03854 03358 03362 08366 03371 03375 03379

1081 03383 03387 03391 03395 03399 03408 03407 03411 03415 03419

1082 03423 03427 03431 03435 03439 03443 03447 03451 03455 03459

1083 03483 03467 03471 03475 03479 03483 03487 03491 03495 03499

1084 03503 03507 03511 03515 03519 03523 03527 03531 03535 03539

1085 03543 03547 03551 03555 03559 03563 03567 03571 03575 03579

1088 03583 03587 03591 03595 03599 03603 03607 03611 03615 03619

1087 03823 03827 03631 03635 03639 03643 03647 03851 03655 03659

1038 03663 08667 03671 03675 03679 03683 03687 03691 03695 03699

1089 03703 08707 03711 03715 03719 03723 03727 03731 08735 03739

1090 03748 03747 03751 03755 03759 03763 03767 03771 08775 03778

1091 03782 037:86 03790 03794 08798 03802 03806 03810 03814 03818

1092 03822 08826 03830 03834 08838 03842 03846 03850 03854 03858

1093 03862 08866 03870 03874 03878 03882 03888 03890 03894 03898

1094 03902 O3906 08910 03914 08918 08922 03926 03930 03933 08937

1095 08941 03945 03949 08953 03957 03961 03965 08969 03973 03977

1096 03981 03985 08989 03998 03997 04001 04005 04009 04013 04017

1097 04021 04025 04029 04038 04036 04040 04044 04048 04052 04056

1098 04060 04064 04068 04072 04076 04080 04084 04088 04092 04096

1099 04100 04104 04108 04112 04116 04120 04123 04127 04131 04135

liOO 04139 04143 04147 04151 04155 04159 04163 04167 04171 04175
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Table 9. Building Materials, etc. 847
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848 Properties of Solids. Table 9a,
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Table 9 a. Chemical Materials. 849

Name Symbol

oca

HI cv-H

uw5

.ss .S

Chloride of
„ Lead . . .

„ Lithium . .

„ Magnesium .

„ Mercury . .

„ ,, (calomel)

„ Potassium ,

„ & platinum .

„ Rtbidium .

„ Silver . . .

„ Sodium . .

„ Strontium .

„ Tin ....
„ „ (crystals)

„ Zmc . . .

Chromate of
„ Lead . . .

„ Potassium .

„ ,j Bi-. . .

„ Sodium . .

„ „ Bi- . . .

Cyanide of
„ Mercury . •

„ Potassium .

„ „ Ferri- . .

„ „ Ferro i .

Fluoride of
„ Calcium . .

Hyposulphite of

„ Barium . .

„ Lead . . ,

„ Potassium .

„ Sodium . .

„ ., (crystals)

Iodide of
„ Copper . .

„ Lead . . .

„ Mercury . .

„ 5,(mercurous)

„ Potassium
„ Silver . .

„ Sodium .

Naphthalene
Nitrate of
„ Ammonium
„ Barium .

„ Lead . .

« Potassium

PbClg . . .

LiCl . . .

MgCls . . .

HgCla . . .

HgaCla . .

KCl. . . .

KaPtCls . .

RbCl . . .

AgCl . . .

NaCl . . .

SrCla . . .

SnCla . . .

SnCia.aHjO
ZnCla . . .

5.8

2.0

2.2

5-4

7-1

2.0

3.5

2,2

5.6

2.1

3-0

PbCrO* .

KjCrOi .

KaCra07 .

NajCrOi

.

NaaCr2 07

HgCaNa . . .

KCN . . . .

KfiFeaCiaNis .

KiFeCfiNs-sHaO

CaFj . . . .

BaSaOs.HaO .

PbSaOa . . •

K2S2O3 . . .

NaaSaOs . . .

NaaSaOs.sHjO

CU2 I3

Pbi,
Hgia
H&Js
KI -.

Agl.
Nal.
CiqHs

H4NNO3
BaN^Os
PbNaOfi
KNC)3 .

i.g

1.7

1.2

500
600

700
290

900

300

,000114 730

0001 o
,000121

450
775
850
250

260

625

700

,067

.282

,194-

,067

,052

•17

.113

,112

,091

,214

.120

102

136

,00004'

.00013

,000101

,000072

,000128
—,000004

900

30?

600
380
250
290
640

530
630
80

150
600

340

,0C)0

,187

,i&8

233
.280

.212

anh,

.163

,092

,197

,221

.445

760
900

350
310

215

.069

.043

042
039
.082

,062

,088

.455

.150

.114

.233

I

45
70?

7
o
26
I

o
27

35
67?
80?
80

o

39

5

57

35

36

5

o
28

50

45
50

60?

12

30
25

0+
0+
sol

41

35
55

44
50

30



850 Properties of Solids. Table 9a

Name Symbol
en u 5 TE CO

1^ CQ.S
O

28

Nitrate of

„ Silver . . .

„ Sodium . .

„ Strontium .

Oxalate of

„ Potassium .

„ „ Tetr- . .

Oxide of
„ Aluminum .

„ Antimony .

„ Arsenic . .

„ Bismuth . .

„ Boron . . .

„ Calcium . .

„ ,
(hydrate)

„ Chromium
„ Copper . .

„ „ (cuprous)

„ Iron . . .

„ Lead .. . .

„ Magnesium .

„ Manganese .

" U'
^^''

•

„ Mercury . .

„ Molybdenum
„ Nitrogen . ..

„ Potassium .

„ ,,
(hydrate).

„ Silicon . .

„ Sodium. . .

„ ,, (hydrate)

„ Tm . . . .

„ Titamurn. ,

„ Tungsten. .

„ Zinc ., . .

Phosphate, of

„ Calcium . .

„ Lead •. • •

„ Potassium .

. „ „ (acid)

.

„ Sodium . .

„ „ (acid). .

Silicate of
„ Al etc. (clay)

„ Calcium . .

„ Zirconium .

AgNOa
NaNos

.

SrN206

KgCaOi.HgO
KH3C4O8.2H2O

AI2O3 .

SbaOa .

AS2O3 .

BigOa .

B2O3 .

CaO .

CaOgHa
CrsOs .

CuO .

CU2O. .

FejOa .

PbO .

MgO .

MgOsH,
MnO .

Mn02 .

HgO .

M0O3 .

N2O5 .

K2O .

KOH .

Si02 . .

NaaO .

NaOH.
Sn02' .

Ti02 .

WO3 .

ZnO .

210

310
650

580

4—
5+ .00004

+

2.6

5-7

CaPaQe
PbsPaOr
K4P2O7
KH2PO4
Na4P207
Na2HP04.i2HaO

AlaSiaOt.aHaOieto
CaSiOa . . .

ZrSiO^ . . .

,00004

6+ .00002

.00003

'44
.270
.181

.236

.283

65

.19

•093
.128

.061

.237

30

.177

•35
..III

.16

.051

.244

312
•157

•159

•P52
•154

47
77

?9

900
36

,00002?

7+

.091

.172

.085

•125

.199
82

.191

.208

.228

•454

•24-

.178

•132

70

47
42

25

5

o

0+
2

o
2

.1+
•1+
O
O
O
o

o

0+
o
o
o

0.2

80?

50

67
o
40
60
o

o
o

(?)

o
sol

sol

s
20

.0

o

90
64
50

40

o
0+
8?

.1—
O.I

o
o
o

O.I

70

25



Table 9a Chemical Materials. 851

Name < Symbol

Sg8
"7! « I

UWa

M^

<P-1
C0.5

u o
S B S e.

'

COS

Sulphate of '

„ Ammonium..
„ Barium .

„ Calcium' . .

" ^ ", (fiydrat.)

„ Cobalt .
' , •

„ Copper . .

„ „ (crystals)

„ Iron . . .

„ Lead ... .

„ Magnesiurn .

„ „. (hydrat.)

„ Maligaaese .

„ Nickel . . .

.. ). (hydrat.)

„ Potassium .

n ., (aeid) .

„ „ & Al (alum)

„ „&Cr.'
„ Sodium . .

„ ,;• (crystals)

„ Strontium- .

„ Zinc . . .

„ „ (hydrat.)

Sulphide of
„ Antimony, .

„ Bismuth . .

„ Copper . .

„ „ (cuprous)

„ „ & iron .

„ Iron .

"
I
" F"

„ Lead ..

,, Mercury
,', Nickel .

.

„ Potassium
„ Silver .

.. Tin . .

,

„ ), Bi- .

„ Zinc .

Talc . . .

Tartrate of
„ Potass, (acid)

„ „ &sodiurn

(H4N)2SOi .

BaSOi . . .

CaS04 ; . :

CaSOi.aHsO
C0SO4.7H2O
CUSO4 ; . .

CUSO4.5H2O
FeS04.7H2a
PbS04 . . .

MgS04 . . .

MgS04.7H20
MnS04
MnSOc
NiS04.
NiS04.7HgO
K2SO4 : . .

KHSO4 . . .

K2AI2S4O16.2,
K2Cr2S40iB.2
Na2S04 . . .

Na2S04.ioH,0
Srfed)4 . . .

ZnS04 . . .

ZnS04.7H20

.5H2O

4H2O
4H2O

SbSj. .

31283 .

CuS .

Cu^S .

CuFeS2
FeS. .

FeS2 .

PbS .

HgS .

NiS. .

K2S. .

Ag2S .

Sn,S
. ,

SnS2 .

ZnS .

3MgO,4Si02

.001-06

140

2+
:2

.2+

2+

4.0
3—
4

6-

2-

2+

,00006

205

t

9OO

,00003

,00007

2+

H2O,
,000036

•350
.110

.19

.26

.343

.184

•30

•350

.083

.225

.38

,18

33
.216

.341

•'93

•244

•371

•324

.230

.140

.174

•34

.084

.060

.121

•'31

.136

.128

.050

.051

.128

.075

.084

.119

.122

KHC4H4O6 .

KNaG,H.06, 4-H2O 50 .33

43
o

0.2
0.2'

48

'9
30'
50'
o

'

26 :

55,
31

50
28

52
10

^

32
:

13 .

14

30?
60 ?'

o

35
62

o
o
o
o
o
o
o
o
o

50?
o
o
o
o
o

0.6

50?



852 Properties of Solids. Table 10.
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Table 10. Optical Materials, etc. 853
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856 Properties of Liquids. Table 11.
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TaMeji. Properties of Liquids. 857
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Tabie_l2. Properties of Gases and Vapors. 861
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Table 12. Properties of Gases and Vapors. 863
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864 Pressure of Vapors Table I3,A.
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Table 13B. Pressure of Vapors. 865



866 Pressure of Vapors TablPsl3C-D.
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Tiibfes 14-MA. Aqueous Vapor. 867

cm.
<u 68
3 69

3 7°
£,7i-

72
•£73

g 74
^75

14- Boiling Points of Water at Different PressnroT 'g— 98061)

.(> .1 .2 .3

96.92 96.96 97.00 97.05
97-33 97-36 97.40' 97.44
97-72 97-76 97-80 97.84
98.11 98.15 gS.rg 98.23
98.50 98.54 98.58 98.61

98.88 98.92 98J96 9899
99.26 99.30 99,33 9q.37
99.63 99.67 99.71 99.74

92 98J96

30 99-33
- 67 99.71

I- 76 100.00 100.04 100.07 loo.i r

05 77 100.36 100.40 100.44 100.47

•4

97.09

97.48
9788
98.27

98.65

99-03

99.41

99.78
ioo;i5

100,51

-5

97->3

97-52

97.92
98.31

98.69

99.07

99-44
99.82
fQ0.T8

100.55

.6

97-17

97.56

97.96

98-34

98.73

99-1 f

99.48

90-85
100.22

T00.58

•7

97.21

97-60
98.00

98-38

98.77

99.14

99.52

99.89
100.25

100.62

.B .9

97.25 97.29

97.64 97.68
98.03 98.07

98.42
98.80

99.18

99-56;

99.93

98.46
9B.84

99.22

99-59
99-96

100.29 100.33

100.65 100.69

14A- Dew Points corresponding to Different De^ee^ of Tern peratore
and Relative Hamidity.

Relative Humidity of liic Air.

roo/o 2oO/fl 30O/0
40''/o 50% 60O/0, 70O/0 80%. gc% looo/o



868 Aqueous Vapor. Tables 15, 15 A.

15. Hygrometric Table, sliowing at a given temperature (T), the maximum
pressure {!') of aqueous vapor iu mercurial centimetres, tlie maximum density

(D) of aqueous vapor, and tlie factor (F) by wliich the difference between a wet
and a dry bulb thermometer must be multiplied to find the difference between

the" dew-point and the temperature (T) of the air.

T



Tiibles 15, B-C. Aqueous Vapor. 869

15, B. Velocity of Sound in centimetres per second through Atmospheric
Air at Different Temperatures and under Different Conditions of Relative

Humidity.

Re-



870 Barometric Tables. Table 16.

Reduction of Inches to Centimetres.

Inches.



Tables 10 A-17 B: Barometric Tables,

16A. Bedaction of Uercnrial Centimetres to Megad^e^per
em .0 .1 .2 .3 .4 .5 .6 .7

70 0.9327 0.9340 0.9354 0-9367 0.9380.0.9393,0.9407 0.9420 0.

71 .9460 .9473 .9487 .9500 .9513 .9527 .9540 .9553 ,

72 .9593 .9607 .9620' .9633 .9647 .9660 .9673 .9687 ,

73 .9727 .9740 .975a..9767 .9780 .9793 .9807 .9820 ,

74 .9860 .9873' .9886 .9900 .9913 .9926 .9940 .gg^S ,

75 .999f3 1.0006 1.0020 1.0033 1.00461.0060 1.C073 1.0086 I,

76 1.01-26 1.0140 1.0153 i.or66 1.0180 1.0193 1.0206 1.0220 i,

77 1.0260 1.0273 1.0286 i.ojoai.0313 1.0326 r.0339 1.0353 I

871

sgi.cm. gi^OSO.

.8 .9 Dif.

.9433 0-9447 IM
,9567 .9580 I I

,9700 .9713 \ I
.9831 .9847 4 5

.9966 .9980 5 7

.01001.0113 ° °

.0233 r.0246 i n
,0366 1.0379 9 "

16 B- Reduction

cm .0 .1

70 0.9336 0.9350
71 .9470' .9483'

72 .9603 .9616
73 .9737 -9750
74 .9870 .9883
75 1.0003 1-0017

76 1.0137 1.0150

77 1.0270 1.0283

of Mercurial Centimetres to

.2 .3 .4 .5

0.9363 0.9376 0.9390 0.9403
.9496 .9510 .9523 .9536
.9630 .9643 .9656 .9670

.9763 .9777 -9790 -9803

•9897 -9910 -9925 .9937
1.00301.004.3 1.0057 '.0070

1.0163 i-0'77 1.0190 i.0'203

1.0297 T.03to 1.0323 1.0.337

Uegadynes per sq. cm

.6 .7 .8

0.94160.94300.94430.
.9550 .9563 .9576 .

.9683 .9696 .9710 .

.9817 .9830 ,9843 .

.9950 -9963 .9977 '

1.0083 1.00971.01110 I.

1.02
1
7 1.023Q 1.0243 I

1.0350 1.0363 1.0377 I

g^981.

.9 Dif.

.9456 iM

.9590 > J

•9^3 3 I
9857 4 5

,9990 5 7

.0123 ? I

.0257 § i!

.0390 912

17

cm
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

78

. Elevation in Metres above tlie Sea
Barometric Pressures at 10°

.0 1 .2 .3 .4

1959 1945 1931 1918 1904
1822 1808 1795 1782 1768
1687 1674 1660 1647 1634
i;s5 1541 1528 1515, 1502

1434 1411 1398 1385 1372
1295 1283 127:0 1257 1245
1169 1157 1144

Level corresponding to Different

Centigrade Cg=980.6).

1.044 l°32 1020 1007

922 910 897 885
801
681

564
448

334
221'

IIO
O

789
670

552

437
322
210

99

1131 1119

995
873

777
658
541-

4^5
3"
199
88

765
646
529
414
300
187

77

,753
634
517
402
288

176
66

—1.1 —22 —33 —43
151

258
-108 — 1 19 —130 —141

-215 —226 —236 —247

.5

1890-

1754
1621

1489
1360
1232
1107

983
861

741
623
506,

39'

277
165

55
—54— 162
—268

.6

1876
1741
1607

1476
1347
1219

1094
971
849
729
611

494
379
266

154

44
-65
—'73
—279

.7

1863

1727

1594
1463

«334
1207
1082

958
837
717

599
483
368.

255
143

33
-76
-183
—28:9,

.8

1849
1714
1581;

•450
1 32 1.

1194
1069,

946
825;

705;

587'

47 E

355
243
132
22

-87
—194
—300

1836
1701

1568

1437
1308
1182

1057

934
813

693
576
460

345
232
121

—205
—310

Mean. Subir.
TemR. %

3-5

3-2;

2.8

2.5

2.1

1.8

1.4

I.I

0-7

0;4

Mean .Add.
Temp.

10
II

12

13;

14
15
16

'7
18

19

0.0

0.4

0.7
I.I

1.4

1.8

2.1

2.5'

2.8

3-2-

3ratar(



872 Barometric Tables. Tables 18, a— c.

18 a. Rednction of Mercnrial Cplnmns to 0°



Tables 18, d-g. deductions to 0° and 76 cm. 873

Pres-
sure

cm
70

71

72

73

74

75

76

77

18, d. Factors for the Rodnction of the Density of a Gaa to 76 cm,

•0 .1 .2 .3 ,4 .5 .6 .7 .8 .9 Dif.

1.0857 1.0842 1.0826 1.0811 1.079; 1.0780 1.0765 1.0750 1.0734 1.0719

1.0704 1.0689 1.0674 1.0659 1.0644 1.0629 '-0615 1.0600 1.0585 1,0570 16

1.0556 I.O54I 1.0526 I.O5I2 1.0497 1.0483 1.0468 1.0454 1.0440 1.0425
I.O4II 1.0397 1.0383 1.0368 1.0354 1.0340 1.0326 I.O3I2 1.0298 1.0284

1.0270 1.0256 1.0243 1.0229 T.O2I5 I.020I I.OI88 I.OI74 1,0160 I.OI47 "

I.OI33 I.0I20 I.OIO6 1.0093 1.0080 1.0066 1.0053 1.0040 1.0026 I.OOI3

I.OOOO .9987 .9973 .9961 .9948 .9935 .9922 .9909 .9896 .9883 It

.9870 .9857 .9845 .9832 .9819 .9806 .9794 .9781 .9769 .9756

18, e. Factors for the Bednction of the Density of a Gas to 0° Centigrade.

'^rau.?e"+<'° +1° +2' +3° +4° +5° +6° +7° +8° +9° Dif.

0° I 0000 1.0037 1.0073 i.oiio 1.0147 1.0184 1.0220 1.0257 1.0294 1.033030.7
1.0367 1.0404 1.0440 1.0477 1.0514 1.0551 1.0587 1.0624 1.0661 1.0697 1 4

1.0734 1.077' 1.0807 1.0844 i.o88r 1.0918 1.0954 i.oggi 1.1028 1.1064 2 7

l.iioi T.1138 1.1174 1. 121 1 1. 1248 1. 1285 r.1321 1.1358 1. 1395 1.1431 8 11

I.I468 1. 1505 I.I54I 1,157s I.I615 I.I652 1. 1688 1. 1725 1.1762 I.I798 4 16

1. 1835 1.1872 1.1908 1. 1945 1.1982 i.20ig 1.2055 1.2092 1.2129 1.2165 5 18

1.2202 T.2239 1.2275 1.23*2 1.2349 1.2386 1.2422 1.2459 1.2496 '.2532 6 22

1.2569 1.2606 1.2642 1.2679 1.2716 1.2753 1.2789 1.2826 1.2863 1.2899 1 26

1.2936 1.2973 r.3009 r.3046 r.3083 I.3I2O I.3I56 I.3I93 1.3230 1.3266 8 29

1.3303 1.3340 1.3376 r.3413 I.3t50 1.3487 1-3523 1.3560 1.3597 1-3633 9 85

10

20

30

40

50

60

70

80

90

100" 1.3670 1.3707 1.3743 1.3780 1.3817 1.3854 1.3890 1.3927 1.3964 1.4000

18, f. Factors for the Bednction of the Volume of a Gas to 76 cm.

Pres-
sure



874 Atmospheric Density. Table 19 - 20A.



Tables 21,22. Reduction of Apparent Weights. 875

21. Factors for tlie Bednction of Apparent WeigUngs in Air -with Brass



876 Specific Volumes. Tables 23-23 B.

23. Space In en cm. occupied hy a quantity of Water weighing 1 ^am
in Vacuo.

0°

I

2

3

4
5°

6

7
8

9
10°

II

12

13

H
15°
i6

17
i8

19
20°

21

22

23

24
25°

.00012 Dif.

.00006 — *

,00002 — *

.00000 -2

•99999
-'

.00000 +'

.00002 ^

.00006 *

.00011 '

.00017 *

.00025 '

.00034 8

.00044. '"

.00056 '2

.00069 '•'

.00083 '*

.00099 '^

.00115 '®

.00133 "

.00152 '9

.00173 2'

.00194 21

.00216 23

,00238 i'^

.00262 2*

.00287 35

25° 1.00287 '-''''•

26 1.003 1 3
^^

27 1.00339 ^^

28 1.00367 28

29 1.00395 28

30° 1.00424 29

1.00454 '"

1.00485 3'

1.005 17 53

I 00550 ''S

1.00585 35

1.00620 35

„, I 00656 3S

38 1.00693 37

39 1.00731 38

40° 1.00769 '8

41 1.00808 39

42- 1.00848 *"

43 1.00888 *"

44 1.00928 *•

45° 1,00970 *2

46 I.OTOI3 *3

47 I.OTO56 *3

48 I.OIIOI *5

49 1.01147 *^

50° 1.01194 *'

50°

51

52

53

54

55°

56

57
58

59
60°

61

62

63
64

65°
66

67
68

69

70°

71

72
73
74
75°

.or 194 Dif.

.01242 ^

.01291 *9

.01340 *9

.01389 «

.01438 «

.01487 *9

:.oi536 «
.01586 50

.01637 51

.01690 53

.01743 53

01797 5+

.01851 •**

.01907 56

.01963 56

.02020 57

.02077 '^'

.02136 59

02195 59

.02255 60

.02315 60

.02377

.02439 63

.02502 63

J565 «3.025

75°
76

77
78

79
80°

81

82

83
84

85°
86

87
88

89

90°

91
92

93
94

95°
96

97
98

99
100°

.02565 Dif

.02629 ^
:.02693' 61

.02757 64

.02821 64

[.02886 «5

.02951 65

.03017 "6

.03084 67

.03152 68

.03220 68

.032ift 69

.03357 "9-

.03426 69

.03496 70

.03566 70

.03637
'"

,03709 T'

03781 73

•03855 ^*

.03930 75

.04005 75

.04081 76

.04157 76

04234 77

.04311 77

23, A. Space in en. cm. occupied ty 1 gram of Mercury.



Tables 24—26. Standard Densities. 877

Density of Water, Mercury and Glycerine.

24. Density of Meronry at different temperatures.

0°



.878 Density of Alcohol. Table 27.

w't



Table 27. Density of Alcohol.'



880 Density of Solutions at 15°. Table 28.

2

4
6

8

10

12

H
i6

20
22

24
26
28

30
32

34
36
38

40
42

44
46
48

50
52

54
56

58

60
62

64
66
68

70
72
74
76
78

80
82

84
86
88

90
92

94
96
98
100

<

.fez

za
1:22 S3^
x; u M 3 o «

£ °

3 o esnS50 KtfiZ SfcW

.002

,005

,008

.011

o 0.999 0.999
T.OTO

1.022

1.035

1.047

1.059
1.07

1

1.083

1.096
I.IO8

.014

.017

.020

.023

.026

.028

.03 T

•034

.036

.039

.041

.044

.046

.048

.050

.05?

.054

.056

,058

.060

.062

.063

.065

.066

.067

.069

.070

.071

.072

.073

•073

.074

•074

•075

•07s

.075

075
074
.074

•073

.071

.070

.069

.064

.060

.055

1.121

I.I34

1.147
1. 1 60

1.173

1.186

1.T99

1.21J
1.226

1.2.39

1.252

1.265

1.278

1.292

1-3:05

1.318

1.330
f.342

1.353

1.364

1.375
1.386

1.396

1.405

1.414

1.423
r.431

1.438

1-445,

1.453

1.460

1.467

'-474
1.481

1.488

1495
1.502

1.509

1.516

1.523

1-530

0.999
I.OIO

1.021

1.032

1.044

1.056
1.068

1.080

1.093
1.106

1.119

1.132

1. 146

1.159
1. 174

1.188

1.204
1.218

1.233

1.248

1,264
1 .280

1.297

1.313

1,330

1-348

1365
1.383

1.40

1

1.420

1.439

0.999
.010

.024

.039

.053

.068

.084

.099

.114

.129

.144
,16,0

.175

.T91

.207

.224

,240

.25,7

,274

.290

,306

•3.23

.340

.361

.380

•399

,418

.43,8

.459

,480

.502

.525

.540

.568

.591

.615

.638

.662

.686

.710

^734
.75,8

.774

.791

.807

.8lg

.829

.836

.840

.841

.839

:i -3
U CO t*

CI gw

0.999 0.7 1

9

1.008 .721

1.617 .723
1.026 .724
1.036 .726

1.045 0.728

'.055 -729
1-065 -731

1.075 .733
1.085 .734

1.O95 0.736
1.106 .738
1.II6 .739
1.127 .741

1.138 .743

1.149 0.745
1.160 .746

1.171 .748
1.182 .750

1.193 .751

1.205 0.753 0.947 1.44
1.217 .754 .945 1.46

1.229 .756 .943 1.48

1.240 .757 .940 1.50

1-253 .759 .938 1.52

1.26 0.7600.9351.54
1.28 .761 .932 1.56

1.29 .763 .929 1.58

1.30 .764 .926 1.60

1.32 .765 .923 1.62

o og

gig 2M
^oO £'

S'J

0.999- 0.999
.993 1.02

.989 1.04

.985 1.06

.982 1.09

0.980 I. II

.978 1. 13

.976 1.16

.974 i-i8

.972 1.20

0.970 1.22

.968 1.24

.965 1.27

.963 1.29

.961 1.31

0-959 r.33

-957 '-35

-955 1-37

•953 1-39

-950 1.41

0.766



Table 28. Density Of Solutions at 15°. 881



882



Table 30. Specific Heat of Solutions, 883

. °° ^^ ".
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884 Electrical Conductivity of Solutions. Table 31

A

60



Tables3l,B-i>. Refractive Indices, etc. of Solutions. 885

Name and Symbol ^ S -a^



886 Rotation and Polarization. Tables 31, B-E

31, E. Rotation in degrees of the Plane of Polarization for the Trannhofer
Lines A— H, produced by passing throngh 100 cm, of various solutions,

containing in each case 1 gram of a given snhstauce ui 100 cu. cm.

Name and Symbol of Substance

Acid. Malic. HaCiHiOs+aq
„ Tartaric H2C4H406+aq +

Camphor Qo Hie0+ alcohol +
Cholesterine C26H440+ether —
Cinchonidine C2oH24N30+alcohol. .

—
Cinchonine C20H24N2O-I- alcohol. . . +
ConchinineC2oH24N2022^H20-|-alcohol-i-
Glycocol CH2NHj(:OOH+alcohol. +
Malate of Ammon(H4N)2C4H405-[-aq. —

„ „ Lithium Lis C4H405-f-aq. .

„ „ Potassium K2C4H405-|-aq.
„ „ Sodium Na2C4H405-|-aq. .

—
MorphinechLCiTHigNOsHCLsHsO-faq.-
,. sulph.2C17H19NO3.H2SO4.5H2O +aq.
Quinmehydr. C2oH24N202.3H20+alcohol
„ sulph. C20H24N2O2.H2SO4 7H20+aq.—

Salicine CisHigOT+aq-
Santonid, para-; CisHisOs-j-alcohol.

,

Santonine C15 His03+ alcohol. • • • .

Sugar (Cane-) Ci2H230u-f aq. . . ,

It

n

milk . .

maltose
lactose .

inverted

A B CID

•I

58
II

3.84-8

..0.3
1.3 1.5

3.04.2
2.0 2.6 3.2

II

24
24

2.22.g

J2.2
T.3

0.7

T.O

10

10

15
16

6.5

89
16

L

F
I
G

66
12

5.36.65

5

5

14
8

2.9

1-9

4.0

126

2.0

8.0

4.9

167
26

6.2

4-9 5.7

H

8.510.1 13 2 15.7

31, F. Rotation in degrees of the Plane of Polarization for Frannhofer
Lines A—H produced by plates of varidus substances 1 cm. thick.

Name and Symbol of Substance

Benzil, C14H10O2
Bromate of Sodium NaBrOo
Chlorate „ NaClO.,
Cinnabar, HgS
Diacetylphenolphthaleine
Ethylenediaminesulphate
Guanidine Carbonate
Hyposulphate of Calcium CaS206.4H20

„ Lead PbS206.4H20 . . . .

„ Potassium K2S2O6-2H2O .

„ Strontium Sr S3 O6.4H2O .

lodate sodium, per- NalOi
Nicotine (liquid) C10H14N2 —
Quartz (ordinary right handed) SiOa +
Strychnine (sulphate)2C2iH22N202.H2S04
TartaricEther (liquid) (C2H5''2C4H405+
Turpentine right handed CioHig . . . -|-

^ (liquid) left handed CioHie —

24
3000?
168'?

25

123?..

D IE

248,

28

32; 40

G H

46 59

197246?
155

I

146178?

I

^'

41 55; 73
62 841051

••I --l'^
1942332853

•I '6
127157,173 21727532; 425511

123

I

342471

69

108 1 I

0.8

14.11

370,



Tables 31, G-L. Miscellkueous Data. 887

SI, G. Rotation of the Plane of Polarization cansed by a Unit Magnetic Field
(C. G. SO in Unit Thicknesses of Different Snhstances.

Bisulphide of Carbon (sodium light) o°.oo7o Water (white lightj .... a°.oooi

„ „ „ (thallium „ ) o°.oo86 || Coal gas rf".000,000,2
Note. In these, and in nearly all cases, the rotation is with the current

producing the magnetic iield. A solution of ferric chloride in methyl alcohol is

meiitioned as one of the exceptions to this rule (Deschanel, § 839).

31, H. Magnetic Moment of 1 en.



888 Heat of Combustion,
a. Heats of Combnstlon ui 0^ygen;_

Tables 32-33.

Name
of Substance

Consumed.

Chemical Reaction

involving 16.0 grams of Oxygen

in each case.
ttfo I*

ami £1

"is

Acetylene
Alcohol. . . . . .

Arsenic ......

Banum
Bismuth
Calcium
Carbon
Carbonic Oxide .

Chlorine
Copper

Ethane ......
Ether. ......
Ethylene
Hydrogen
Iodine
Iron

Lead
Magnesium ....
Mercury . . . . .

Methane
Nitrogen

n . • • • .

Phosphorus. . . .

Potassium . . . .

Selenium
Silver
Sodium
Spermaceti ....
Stearine
Strontium
SulphideCarbon,Bi'
Sulphur
Thallium
Tin

Turpentine . . . .

Wax
Wood
Zinc

2 Cs Hi +
CjHoO-)-
As4 +
Asj +

2Ba +
Bi4 +

aCa +
C +

3 CO +
aCr, +
4Cu +
aCu +
2 Cj H„ +
CjH,„0 +

2 C2 H4 +
2H, +
2L, +
2Fe +
3Fc +
2Pb +
2Mg +
4Hg +
2Hs +
CH, +

2N, +
N, +
Na +
p. +

2Kj -+

Sdi H-
2Agj +
2Naj +

50.=
30s =

502 =

R»
=

3 0j=
0.=
Oi =
0.=
0,=
Oi =
o,=

6 0,=
60,=
0,=

SO.r
0,=

2 0,=
Oi =

Oi =

2 0,=
0,=
0,=

2 0j =

50,=
0,=

2 0,=

R'=0^ =

4COi+2H,0
2COa + 3H,0
zAsjOs
2 Asa Oj
2BaO
2Bi,0,
2CaO
CO,

2C0j
2C1,0
2CUi O
2CuO
4C0,+eH o
4CO,+ 5H,-0
4CO,H-4H.O
2H2O
2l,0j
2Fe0
Fe^Oj
2PbO
2MgO
2Hk,0
2HbO
C0, + 2H,0
aNsO
2 NO
2 NO,
2P,0,
2K,0
2SeOa
2Ag,g
2Na20

5.2
.7.7
50.0
30.0
136.8
138.7

39.9
6.0
28.0
70.7
120.2

63

6.2

4.7
3.0

50.6

55.9
41.9
206.4
24.0

399.6
199.8
4.0
28.0

14.0
7.0
12.4
78.1

39.4
215.4
46.0

21.2

65.0
46.0
152.8

154-7
55-9
22.0

142.2

79.1
20.3
22.2
20.6
18.0
66.6
71

57-9
222.4
40.0
415.6
215.8
20.0

44.0
30.0
23.0
28.3
94-1

55-4
231.4
62.0

62,000 12,000 500

56,c

69.0

54,000
51,500

44,000
130,000

13,300
130,000

48,000
67,000

-18,000

40,000

38,000
54,000
56,000
^)6,ooo
"
.000

9,000

11:'°°°
65,000

50,000

146,000

42,000
30,000

52,000
18,000

-22,0Q0
— 1,000

71,000

136,000
29iOOO

152,000

2Sr + 0.= 2SrO
CS, + 30,= CO,-l-2SO,
S, H- 20,= 2 50,

2TI, -t- 0,= 2T1,0
2Sn + Oa= 2SnO
2 Sn ^ + 2 O,= 2 Sn Oa
C,oH,6 +i402!=ioCO, + 8H,0

(.wT,C)
2Zn

87.3
12.7
16.0

408.0
118.0

59.0
4-9

2i

32.0
424.0
I3+-0

75-0
20.8

131,000

43,000
36,000
42,400
68,000

72,600
54,000

-I- 02= 2ZnO 64.9 80.9

32b Heats of Combustion in Chlorine.
84,400

7jOO0

1,030

1,46

950

3,2L
8,000

2,400
- 250

320

12,500

9,000
12,000

34,500
177

1350
1575
243

6,100

105

153
13,100
- 650
-1550
- 150

5750
1745
730
27

3,300
10,300

9,700
1,500

3,400
2,250
104

575
1,230

10,700

loisoo

4,000
i,3ool

290

40
4.0
138

334
too
-10
13

25
520

375
500
1440

7

255

64
550
-27

•6.3

24a

73
31
I.I

138I

63
142

94
4.3
24

446

54I

1.49

Name
of Substance

Consumed.

Chemical Reaction

involving 70.7 grams of Chlorine

in each case.

! « B

Omg

-H' 1°

.a Si 111 Is

Antimony.
Arsenic . .

Copper . 1

Hydrogen.
Iron. . . .

Potassium
Tin. . . .

Zinc . . .

Sb4 + 6CU=4SbCl3
As4+ 6 Cla= 4 As CI3
Cu -H Cla= Cu Cla
H, + Cla= 2HCl

2Fe -1-3 Cla= FejCls
Ka -t- Cla= 2KCl
Sn -I-2C1,= SnClj
Zn + 01,= ZnCI,

80.7

2.0

I:?
59-0
64.9

151.

120,

133.8
72.7
108.0
148.8
129.7
135.6

57,000
50,000
61,000

47,000
65,000
207,000

64,000

99,000

707

23,5'

1,530]

30 1 .23
421.08
401.32
^'i.oi
73!l.40

1104.48

45^.38
64,3.15



Table 34. Electromotive Force. 889
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Tables 37—

S

Specific Resistance,
37a. SpeclQo Electrical Besistances of Condnetctrs at 0°.

li'esistance Resistance Resistance
of a

centitaetre-
ciibe in

.

microhms.*
1.50*

1.60

in ohms of
a wire i m.
long weigh-
ing J g.

0.16

Name
of

Substance
Silver, annealed . .

,. hard drawn .

Copper, annealed. . , . 1.58

hard drawn . . 1.61

Gold, annealed 2.0

„ hard drawn ... 2.1

Aluminum annealed . . 2.8

Brass 5.5

Zinc, pressed 5.6

Platinum, annealed. . . 9.0

Iron, annealed 9.5

Gold (2) Silver (1) alloy . 10.9

Nickel, annealed .... 12.4

Tin, pressed 13.0

Lead, „ 19.0

German Silver 20.8

Platinum(2) Silverd) alloy 24.0

Antimony 35.2

Mercury (liquid) .... 94.2
Bismuth 130.0

Electric Light Carbons .

(about) 6000.

* These results must be multiplied by 1000 to reduce them to the C. G.

37b. Speciflc Electrical Resistances of Insulators.

in ohms of
a wire i m.
long I mm.

diam.

0.019
0.020

0.020

0.020

0.026

0.026

0.036

0.070

0.073
O.I 1

5

0.121

0.T38

0.157
0.166

0.242

0.265

0.306

1.656

891

Per Cent of
Increase

per degree
centigrade

0-377
0.17
0.I4

0.14

0.39
0.41

0.07

o.'i,6

0.40

1.90

0.74
1.65

1. 10

0.95
2.16

1.77

3.3?
2.36

12.7

0.3

0.365

0.365

0.065

0.365

0.387

0.044
0.031

0.389
0.072

0.354

S. system

Name of Substance Resist, in Ohms of a centimetre-cube f Vp increase per°.

Selenium
Gutta Percha . . . .

Shellac
Ebonite
Paraffine
Glass
Air and other Gases,

t These results must be

38

(about) 6o,coo. -f i.

„ 7, 000, 000, 000, 000, 000. — 10 ?

„ 9, 000, 000, 00?, 000, ooj.

„ 30, 000, 000, 000, 000, 000.

„ 30, 000, 000, 000, 000, 000.

Greater than any above. great, negative,

Practically Infinite.
multiplied by 1,000,000,000 to reduce them to the C. G. S. System

Specific Electrical Resistance in Ohms, of a Oejitimetre-cnlie of different
Electrolytes (see Table 31).

Per



892 Arbitrary Scales. Tables 39-41,

39 — Fahrenheit and Centigrade Thermometers.

-125
120

"5
lio

105

100

95
go

85
8o

75
70
65
6o

55

5°

45
40

35
3°

25
20

15
10

5—

o

F.
I

-I93.0

184.0

175-0!
166.0'

i57-'>

148.0

139-0
130.0'

121.0

1 1 2.0;

103.0

94.0

85.0

76.0

67.0

58.0

49-°

40.0

S'-oj

22.0

13-0 20
—4.0
+5-°'
+'4-o
+23-0,
+32.0'

F.



Tables 42-^43. Arbitrary Scales.

43.

^1



894 Astronpmiag,! Tables. Tables 44 A.—E.

Thousandths of degrees.
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*qy3 NM ^O"^ «oq -^Qya nog -^Q

Thousandths of degrees.
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Thousandths of degrees. '
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"b COt^ o """^oo ''-i ~<-«Q%vb chV^-Q Vl-^""'-
i-t 1-" — « « « enencn^T^iomirfo

Thousandths of degrees.

g -^qo ffjoo ^q\q cfloq -^qiq «cq -"J-q-

.-^a

.C it

0*0 r-coo^o >

. , I i i I j

Co

si I II II

s

s s

£" + +

'J 6,

So
§..

-, «

Si:
'^^000000

&.

' g.fS

0; o
C-OOCiO -> CI

v-^



Tiibles44,F-6. Astronomical Tables. 895

44, F. Declination of tlie Sun in Degrees at Green-vrich Mean Noon for 1891.

Day Jan. Feb. March April May June July August Sept. Oct. Nov. Dec. Day-r— ±H--<- + + -h ± — — —
23.691 17.378 —7.958 4.157 14.772 21.920 23.191 18.293 +&664 2i79i 14.117 21.661

1 33011 17.096 7.579 4,543 '5.077 22J360 23.127 18.044 8.303 3;i8o 14.440 21.820 1
2 22.025 i6.8c« 7.199 4-928 15.377 22-193 23.057 17-790 7-938 3-568 14-759 21-972 2
3 22.831 16.515 6.8i5 5.312 15.673 22.319 22.980 17.531 7.572 3.956 15.074 22.118 8
4 22.729 16.219 .6.432 5-694 15-960 22439 22.897 17-268 7.203 4.343 15.385 22.255 4
5 22.619 15-918 —6.046 6.074 16.253 22.553 22.806 16.999 -I-6.833 4^729 15-692 22.386 5
6 22.502 15.611 5.659 6.453 16.538 22.660 22.710 16.726 6.4S1 5.114 1S.994 22.509 6
7 22.378 15.301 5.271 6.830 16.815 22.760 22.606 16.449 >6.o87 5-498 16.292 22.625 7
8 22.246 14.986 4.881 7.205 17.089' 22.854 22496 16.167 5.711 -5-881 16.585 22.734 8
9 22-io8 14.666 4.491 7.578 17.358 22.941 22.380 15.881 5.334 6.262 .i6fe 22.836 9

10 21.961 14,343—4.099 7.949 17.622 23.021 22.257 15.590 +4.955 6.643 17.157 22929 10
11 2iJio8 14-015 3.707 8.318 17.882 '23.095 22.128 15.296 4.575 7J321 ,17.430 23.015 11
12 21.648 13.684 3.314 8.684 18.136 23.162 21.993 14.997 4.194 7.398 17.710 23.094 12
13 21481 13.350 2.920 9.048 18.386.23.222 21.851. 14.K4 3.811 7.773 17-978 23.155 13
14 21.306 13.011 2.525 9.409 18.630 23.275 21.703 14.388 3427 8.147 18.242 23.228 14
15 21.125 12.669 —2.131 9-768 18.869 23-321 21.548 14-078 +3.043 8.518 18.500 23.283 15
16 20.938 12.324 i.736 10.124 19-102 23.360 21.388 13.703 2.657 8.888 18.752 23.331 16
17 20.743 11.975 1.341 10-477 19-331 23.393 21.221 13-440 2.271 9.255 18.999 23-371 17
18 20542 11-623 0.945 10.828 19.553 23.419 21.049 13.124 1.883 9-620 19.241 23..(o3 18
19 20.335 11J69 0.550 ii;i75 19.770 23.437 20.871 12.800 1.495 9-983 19476 23428 19

2ai2i 10.911 —0.155 11.519 19-982 23.449 20.687 12.472 +1-107 10.343 19.706 23.444 20
21 19.901 10.551 +0.240 11.860 20.188 23.454 2a497 12.141.. 0.718 10.701 19.930 23453 21
22 19.675 io.i88 0.635 12-198 20.388 23.452 20.301 11.806 +0.328 11.056 20148 23.454 22
23 i9-'443 9-822 1.029 12.532 20.582 23.444 20.100 11.468 —0.061 11409 20.3S9 23.447 23
24 19.204 9454 1423 12.853 2a77i 23428 19-893 11.128 0451 11.758 20.565 23.432 24
25 18.960 9.083 +1.816 13.190 20.953 23405 19.680 10.784 —oA)i i2.ioi 20.764 23409 25
26 18.710 8.710 2.208 13.514 21.130 23.375 19.463 10.437 1.232 12.449 20.957 23-379 26
27 18.455 8.335 2.600 13.834 21.300 23.340 ig.239 10.088 1.622 12.789 21.143 23.341 27
28 18.194 7.958 2.991 14.151 21464 23.297 19-011 9.736 2.012 13.127 21-323 23.294 28
29 17927 .[7.579] 3-380 14463 21A23' 23.247 18.777 9-381 2.401 13460 21.495 23.241 29
30 i7-6i5 3-769 14.772 21.775 23.191 1S.538 5jB4 2.791 13.791 21.681 21.179 30
31 17-378 4.157 21.920 18.293 8.664 14.117 23.109 31

44, Cr. Kqnation of Time in Minntes and Seconds at Greenwich Mean Noon for 1891.

Day Jan. Feb. March April May June July August Sept. Oct. Nov. Dec. Day
+ + .+ ± — d= -+ + ± — — d-ms me ms ins ma ma toB ms ms ma ma ma
3 16 13 40 12 45 +4 17 2 51 —2 35 !i 20 6 10 +0 15 '9 59 16 18 —11 14

1 3 45 13 48 12 ^3 3 59 2 59 2 27 1 32 6 7 —o 4 10 iS 16 20 10 52 1

2 413 13 'le 12 21 3 41 3 8 2 18 .3 44 6 3 21 1037 1621 1029 2
3 4 41 14 2 12 S 3 23 3 13 2 8 3 5^ 5 15 042 1056, 16 21 10 5 3
4 5' 8 14 8 II 55 3 5 3 19 i 38 4 B 5 54 1 i 11 14 16 3o 9 41 4
B 5 35 1413 1142 +248 325 —I 48 4 17 548 —121 1132 1619-917 5
B 5' 2 14 18 II 28 2 30 3 30 1 37 4 27 5 42 1 41 II 50 16 16 8 51 6
7 628 1421 n 14 213 334 126 4 37 5 35 21 12 7 1613 826 7
8 654 1424 1059 1 "^o 338 115 .447 528 s 21 12 24 16 9 7 59 8
9 7 19 14 26 10 44 i' 39 3 41 1 . 3 4 56 5 20 2 42 12 40 16 5 7 33 9

10 744 1427 1029 +123 ,344 —o SI 5 5 5 12 —3 3 1256 1559 — 7 6 10
n 8 8 14 28 10 13 1 7 3 46 39 5 13 5 3 ' 3 23 13 12 15 53 6 38 1

1

12 832 1427 957 051 348 027-521 453 344 1327 1545 610 12
13 854 1426 940 035 349 015 :5 28 4 43 4 5 13 4' i.S-.S? 5 42 13
14 917 1424 924 20 3 49 — o 2 535 432 427 1355 1528 513 14

15 9 38 14 22 97+05 149 +010 i5 42 431 —448 14 9 15 '9 ~ 4 45 15
16 959 14 18 850 -610 348 023 5^48 4 9 5 9 14 22 15 8 . 416 Ifi

17 10 iQ 14 14 832 024 347. 036 5-53 355 530 1434 1457 346 17
18 1038 14 9 815 038 3 45 049 '558 3 43 5 .'^2 14-16 1444 317 18
19 10 57 14 3 7 57 o 52 3 43 I 2 5 2 3 30 6 13 14 58 14 31 2 47 19

20 II 15 13 57 7 39 -I 5 3 40 +1 li 6 6 3 16 -6 34 15 8 14 17 - 2 iS 20
21 1132 1350 721 1 18 3 37 1 28 6 9 3 I 6}} 1518 14 3 I 4f; 21
22 1148 1343 7 3 1 30 3 33 1 40 6 12 246 716 1527 13 47 : iS v.2

23 12 4 13 34 644 I 42 329 153 614 231 7 37 15.35 1.331 048 23
24 1219 1326 .626 153 3. 24 2 5 6 15 2 13. 7 58 1544 1313 — 018 24

25 12 33 13 16 68—243 18 +2 19 6 16 I 59 -8 19 15 51 12 55 + 12 25
26 1246 13 6 5 49 2 15 3 12 231 6 17 I 43 8 39 13 57 12 37 042 26
27 12 38 12 56 5 31 2 25 3 06 2 44 6 16 I -28 b 59 10 312 17 ; 1 12 27
28 13.10 1245 312 234 2,59 2 56 6 i5 I 9 9 19 16 8 1157. 141 28
29 1321 [1233] 4 54 243 232 3 8 614 051 9 39 16 12 11 36 211 29
30 1331 4 33 251 2-14 320 6 12 033 959 1615 1114 24030
31 13 40 4 17 2 35 6 10 15 16 18 3 9 31
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44, H. Solar System.

Tab;pa44F(,45.



<'aM<^s^fi-*^' I^atitude, Longitude and Gravity. 89T

Measured ft?6m Green'vrich.

50
663

44
525

43

46. liatltndes and Longitndes

L^Utude Longitude Elevation Latitude l^ongit\lde Elevation
o h m s Metres • • o • li m s Metres

Aberdeen . . .0 57.149 No 8 23 W London -. . 511514 N o 23 W
Amsterdam . . T 53.371 N 19 39 E Madrid . . 040.408 N 01445W
Antwerp . . . T5T,22i N o 17 37 E Mamtiester . 53»48. N o 9 . . W
Athens. . . . O 37.972 N i 34 55 E Melbourne . > 37*8318 9 39 5tE
Baltlm:re . . .T39.298N5 6 28W 5S Montreal-. ; T 45^52 N 4 54 13 W
Belfast. . . , 54.66 N023..W Munich . . 48.146 N 04626E
Beflhi . . . . O 52.505 N 053 35 E 40 Naples •. .O4O.863N 057 I W
Bonn .... 50.>729N 02823E -50 New Orleans » T29k963 N 6 14W
Boiton. . . . T42,358N 44415W 63 NewYofk. .O40.730N 4 55 57W T
Brussels . . . 5O.853 N O 17 29E 90 Paris- . . .O4&.836N O 9 21 E bO
Calcutta . . . T22,557N 55319E 39 Philadelphia. T3q.9^3N 5 39W 50
Cambridge U. S. O42.380N 4 44 31 W Quebec •. -. 046.805 N 44449 W T108
CambrldgeEng,. O 52.215 N O 23 E Oueenatownj T 51.85 N 33^ :6 W .

CapeofGoodHope O-33.934 S I I3 55 E Rio deJaneiro O 22.907 S 3 52 41 W T 69
Christiana . . 059.9t2N 042 54E 42. Rome. . . 41.898N o 49 54 E Vi
Copenhagen . . 055:687 N o 50 19 E 53 Rotterdam .T51..908N o 17 55 E 28
Cork ... .T 51.90 N03351W San Francisco O 37.790 N 8 943WTJII
Dublin. . . , O 53.387 N 02521 W T 24 Savannah. .T32.o8rIiJ
Edinboro . . . 0-55.956 N O 12 43W T139 St.John(N,S.) T 45.262 N
Geneva, . . . 46.200 N O 24 37 E StPetersburg O 59.942.N
Genoa . . . . T44.419 N 93541 E Stockhohn .05q»3*3N
Glasg:w v . . O 55.879 N O 17 1 1 W StrasSburg . O48.582 N
Gottingen r' . . 51.530 N o 3946 E 130 Sydnsy . .O 33.861 Si
Greenwich. . .0 51.477 No 06 T 64 Triest. . .O45.643N
Heidel urg . . 49.40 No 3432 E 106 V«n|ce . . 045,430 N
Leipzic. . . . 51.335 N 049 34 E 100 Vienna . . '48i2tO,N
Lisbon .... O 38.705 N o 36 34W Washington . O 38.894 N
Liverpool . . . O 53.401 N o r2 17 W Wellington . T4*.2i8S 1

Magnetic Pole . 77.83 N 4 J4 W [JfoifB. T= Time Signal

4^
38
ir

20

T65
T 17

,182

47. Acceleration of Gravity in

Lat. +0° +1° \-%° -f S°
0° 978.10 978.10 978.11 978.12
10° 97S.25 978.29 97?.32 978.36
20° 978.69 978.75 978.81 978.87
30° 979.35 979.43 979.51 97-9.59
40° 980,17 980.26 9S0.34 980,43
50° 981.04 98r.i3 981.21 98r.3o
60° 98r,86 981.93 982.01 982.pS
70° 982.52 982.58 982.63 982.1S8

80° 983,96 982,99 983.01 983.03

Different Latitudes (em. per s

+ 4° +5° +6° +7°
978.'3.97M4 978.'<^ 978.'8

978.40,978,44 978.48 978.53

978.93. 979-?o.979-06 979.13

979.67 979.75 979.83 979,92
980.52 980.61 980.69 980,78

981,38 981.46 "98'i. 54 981.62

982.15 982.21 982.28 982,34

982.73 982.77 982.82 982.86

983,05 983.07 983.0S 983.09

5 24 2: W
42415 W
2 I T4E
I 12 14 E
031 2E
450E

055 2 E
04925E
1 S 33 i^

.5 812WT 63
I 39 M E T I?

O = Observatory

.

cc, per see.).*

+ 8° +9° Dif

978.30 978.23 1

978.58 978-63; 4
9;>9.2i 979.28 ,

980^00 980.09 8

980.86 980.95 9

981,70 981.78 g

982,41 982.47
^ 7

982.89 982.93 ' ^

983,10 983-T
I 1

48. Length of Seconds-Pendnlnm in Different Latitudes tcm.).*

Lat. -f 0° H-l° 4.2° +S« +4° -f 5° +6° +7° +8° +9° Dif

0° 99.10^ 99.103 99,103 99.104 99.105- gg.«o6 99.108 99.110 99.112 99-"5 1

10° 99,11*99.121 99.'l25 gg.liS 99.132 99.137 99>I4I 99.J46 -99.151 99.15614
20° 99.162 99.168 99,174 99.180 99.187 99:193 99.-200 99.207 99.214 99.222 ,

30° 99.2^9 99.237 99.245 99.253 99.261 99.269 .991278 99.286 '99.295 99-303 s
40° 99.312 99.321 99.330 99.338 99.347 99.3'56-99.365 99-374 99-i3*3 99-39'' 9
50° 99.400 99.409 99.418 99.426 99.435 99-443 99.451 99.459 99.467 99.475 8
60° 99:483 99.491 -99498 99.505 99.512 99.519 99-526 99.532 99.539 99-545 7

70° 99.550 99.556 99.561 99.566 99.57« 99.576-99-580 99.584 99.588 99.591 : 4

80' 99.594 99.597 -gg.'DOO 99:602 99.604 99.606 99.607 99.608 ^9.609 99.010 y

• T"HeSe values are calculated for the sea level; A dfeduetion (A S.03 '/oslibtild 'be

made for each kilometre of elevation above the ground and a deduction ofo.02% should
be made for each kilometre of elevation of the ground above the sea.



898 Reduction of Measures. Table 49a

49a. Bednctioii of Measures to and from the

Lengths in COlHill eU'eS Equivalent

inch = 2-53997
7.92 in. . , ... . . = 20.1165I link =

I foot = 12 in

I yard = 3 ft. .... ,

I fathom = 6 ft. . , , .

I rod = 161/3 ft. . . ;

1 chain =100 linlcs = 66 ft.

I statute mile = 5280 ft. .

I nautical mile

30.4796
= 914389
= 182.878
= 502.914
= 2ori 65
= 160,932
= 185,200^?)

Areas in square centimetrts
I square inch . . = 6.4514
I square foot = 144 sq. in. . • = 929.01
I square yard = 9 sq. ft. . . . ='8361.1
I acre = 43,560 sq, ft = 4 046f><io'

' '
' =. 2.5899x1010

= 16.386
= 28316
= 7(54526

= 473
= 946
= IIOI

= 3785

= .0647987
= 283494
= 3M034
= 373-240
= 453580
= 1.01604x10*

I square mile = 640 acres

Vultimes in cubic centimetres
I cubic inch <...,...
I cubic foot = 1728 cu. in. . .

I cubic yard = 27 , cu. ft. . . .

I Ui S. pint = 1.043 lbs. water
I U. S. quart = 2 pints ....
I dry quart
I U. S.gallon = 231 cu. in. = 4 qts

t imperial gallon = 10 lbs. water = 4541
Masses in grums

I grain ...
I ounce (Avoirdupois) = '/le ib.

I ounce (Troy) = 480 grains
I pound (Troy) = 12 oz. Troy
I pound (Avoir) =: 7000 grains
I English ton = 2240 lbs. . .

Times in mean solar seconds
I year (tropical) = 365.24222 days = 31,556.928
I sidereal year =365.25637 days = 31,558,150
I (mean solar) day = 86,400
I hour = 3,600
I minute = 60
I so-called sidereal second . . = 0.9972695666
I true sidereal second . . . . = 0.9972696721

Vtlocities in centimetres per secnnd
I Idlometi'e per hour = 27 7778
I foot per second ^30 4796
I niile per hour = 44-7033
I nautical rnile per hour . . ^ = 51.44
I kilometre per minute . . . . = 1666.67

I mile per minute = 2682.20

Accelerations in cm. per sec. per. sec.

I foot per sec. per sec = 30.4796
Densities in. grams per cu. cm.

I grain per cubic inch = .6039544
I lb. per cubic foot = .01&019

'

Heat Units in erj>s.

I unitofheat = I gram-degree C. = 4.17x10'
I Ib.-degree Fahrenheit . . . . = 1.051x10"'
I Ib.-degree Centigrade . . , . = 1.89x101"
I Calorie = 1000 g° = 4.17x10"'

C. G. S. System.

Logaiithm Reciprocal

0.40483 .393705

\-T.?Ah
°^«7I.03

1.4S401 .0328088
1.961 13 .0109363
2.26216 00546813
2.70149 .00198841
3-30355 -000497103
5.20664 6.2i378xio-«
5.2676 5.40x10-6

0.80966 .15500
2.96802 .0010764
3.92226 .00011960
7.^.0711 2.4711X10-8

10.41329 3.861 IX10-"

1.21449 .061026

4-45203 .3.53itxio-5
5.88359 1 3o8txio-«
2.6750 .002x14
2.9763 .001057
3.0418 .000908
3.5781 .OC02642
3 6572 .0002202

2.81157 15.4324
1.45254 .0352741
1.49281 .0321509
2.57199 .00267924
2.65666 2.20463x10—3
6.00691 9.84210x10—?

7.49809 3.16888x10—8.
7.49811 3.i6875xib->'
4.93651 .000011574074
3-55630 .00027777778
T.7781S .016666667
2.9^881 10027375)081
1.99881 1.0027378030

1.44370 .0360000
1.48401 .0328088
1.65034 .0223696
1.7113 .01944
3.22185 .0006000000
3.42849 .000372827

1.48401 .0328088

X59708 252.88
2.20463 62.426

7.620 2.40x10—8
10.022 9.f2X10-M
10.277 5.?9Xio-'i
10.620 2.40X1Q—

"



Tabic 49b Reduction of Measures. 899

49 li. Coutiimatioiii Keduction of Measnres to and from the C. G. S. System.

Values marked with an asterisk (*) are independent of the acceleration of gravity (gj.
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iJOO Constants,

50. Nnmbers Freqnatitly Required In Calculation.

Matliematical Constants. Number Logarithm

Ratio ot circumference to diameter , • • . -," = 3-i4'3927 •0497'5

Square of Ditto . n» = 9-8695o44 0.99430

Square Root of Ditto Vn = 1.7724539 0.248J7
Square Root of 2 V2 = t.4142136 0.15051

Sqiiare Root of 3 y\ = 1.7320508 a23856

Square Root of 10 t . . . V\o= 3'>622777 0.50000

Logqri^mic Base .,.,..... t = 2.7»82&i8

,

043429
^ogarltfeniic Modulus. , W ^ 0-4342945 i:0377g
1 degree in drcnlar measure 1. . •. 1° = -01745329 ^24180
i riii ute in circular measure I' = .ocoagcSg 4.46373

I second in circular measure ........ i° — .00000485 6.68557

Probable error (mean error = 1) 0.67449 [.8289s

Astrdttomical Constants; , , ,. „„
Sidereal time in .Mean time 0.9972696 1.9988I

I (tropical) year - See Table 49 — in days .... 3OJ.24222 ^.56258

Annual, precession, ofequinoxes (5o".25) in days . . 0.0(415 .?:1509

Aberration constiiut t^o"43) in degrees . .... . 0.0O5OT .3:754+
Sun's mean angular Semiciameter (i5'2") in degrees 0.267 •427
Solar parallax (8" .83?) -00245 3 3^
Earths equatorial radius^ in kilom. ...•,.*.'.. §37S- S'OO^/

Earths polar „ „ ,
6356-+ 3-8o32

Gravity. Attraetiort between two unit

masses-(i g) at unit distance (i cm.) in dynes .', . 6i55<io—

'

'S'SlJ

Secofids-pendulum (lat 45") in cm 99-350 I-997I9

I gram (lat- 45") in dynes gSooi 2.99149

Atmcspherlc mean molecular weight . , 28.86 1.4603

, Pressure (76 cm. Paris) in megadynes per sq. cm. 101360 0.00587

Density of Air, (o",.76 cm. Paris) 0.00(2932 %iuSf)

„ „ ,, (0°, 1 mesadyne per sq. cm.) 0X)012759 3j'058l

„ „ Hycrogen (0°, 70 cm. Paris 0.00008957 3-95216

„ , „ ' (0°, I megadyne per" sq. cm.) . 0-00008837 3.94630

„ , Water at 4° . r.ooooi ojxxxiii

„ „ „ apparent at 21I' o.y^ 1:9987

„ „ Lrown glass, about 2.5 0400
„ „ Brass ,

b.^ d.924

„ „ Mci-cufy at ,19" 13.550 1.13194

Sound Velocity in dry air at 0° in cm. per sec. 33,220 or 33,200 4.521

I mean semitone involves ratio 'Y2 . . . .' . . . 1.059463 0.025091

Light. Velocity in em. per sec 3.00X10'" 10477
sodium, wave length in air cm.). ....... 0005893 3.77033

Refractive Index of water for ditto . . . r. • • • i-333 ai248
Dispersive „ « „ „ „ 0.014-1- S-'S.
Rotation ,of ditto by Quartz plate i cm. thick . . . 217° 2.3305
Candle power of i sq. cm. melted platinum (2 Carcels) 20 1.30

Heat. Conductivity of/Joppcr C. G. S ag-t- T96
Cofifficient of Expansion of glass (cubical) 000025 £40

„ . „ . „ „ steel (linear) jx»oi2 ' ^08
„ „ „ „ brass „ .600019 . ^5.28

„ „ „ „ mercury (cubical 20") . .oool8o-t- 4^255

. " .. " ,«," " S^^" " • • • ^^^ -$584+
Latent Heat of Water 79 1.900

,j ,r Sleam-doof, 76 cm.), 536
'

J.729
Specific Heat of Brass , , . . . 0.091 2i973

„ „ „ Glass ... .' 0.19 1.279

„ „ „ Water (0"—too") 1.C05 ojoca

„ „ „ Air (o"—100°, 76 crn) 23S) or. . . 0.238 1.377

„ „ „ (jases, (ratio of 2 Sp.Hts).". \ .- 1408 01480

Uechanical Equivalent of
I unit of heat (i a") in ergs, 4.166X10' or. .... . 4.17X10' 7.620

1 kilogrammetre (lat. 45°) g-SoSiXlo' 7.99149

I foot-pound i^„ '„ ) 1.3557X10' 7.13217

Electro-Chemical equivalent of Hydrogen _
in grams per ampere eer see. /)Oooio38 5B162

I Electrostatic Unit of E..M. F. in volts 300 2477
Electromotive 'Force of Daniell csll in volts . . . 1.0 to i-i 0.00100.0

' Internal Resistance of Qdarl „ „ „ ohms ... i to 2 0.0 to 0.3

1 B. A. unit in legal ohBiS 0.9S89 "1:9952

I Siemens,, „ ,„ ,„ ............ o^M '(.9747

Specific Electrical Rcsistanee of Mercury (C. G S.) o.g.pXio' 4.974

Uagnetic susceptibility of it?" ..•.•*•••• .300? y?
Total Intensity of Eanhs Field 3 to .7 T5 to i.S

Tabic 50;

Reciprocal.

.3185099

.1013212

.564189^

.707i<nS

.5773503

.3162278
•36787«'
2.302585

57.29578

14826

1.0027379
0/30S7379
70.6

176.

3-74
408.
jxJbf568

1.54X10?
.010065

.0010198

al
m
U164.
11316.

0.99999
I.0O3r

040
i.ii9„

.073800

«XJ30I
9 1387

3.33>«io-"
1697a
-750

P r-00401

•05

I.I

40,000.

83,006,
53.00a
55,000

273
.0127

"'

JX\i1
10.6

5-3

•995
4-20
.710

2-40x10-8
1.0198 X.10-«
7.376x10-8

9634
-00333 „

3 (.otooS
i-o-to .5

I.OII

)-o6o

1.061 Xio"-*

J»3?
3 to 1.5



PHYSICAL MEASUREMENT.

lart fourtf).

APPENDICES AND EXAMPLES FOR THE
USE OF TEACHERS.

APPENDIX I.

THE LABORATORY.

The first requisite for a course in elementary Phys-

ical Measurement is a well lighted and uniformly

heated room, with the ordinary precautions to secure

good ventilation. Experience has shown that these

advantages cannot practically be obtained in base-

ments, however suitable the latter may be for certain

scientific purposes. The first floor of a building, prop-

erly supported by brick pillars to prevent vibration,

has undoubted advantages for a course of measure-

ments. The use of iron in construction should be in

so far as possible avoided on account of its magnetic

influence.

If the room above a physical laboratory is to be

occupied, there should be an empty space between

the floor of that room and the laboratory ceiling.
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The latter should not be supported by a rod or rods

connecting it with the former, but by separate beams

or trusses reaching to the walls. Under these condi-

tions only will the vibrations of the upper floor be

cut off.

Sometimes, to avoid annoyance from this source,

the laboratory is placed in the upper story of a build-

ing. The advantages of skylights as a method of illu-

mination, and rafters for purposes of suspension, have

been justly urged. They are, however, offset by

many practical objections, among which may be men-

tioned the danger of leakage and the accumulation

of dust, both occurring at inconvenient altitudes.

Rafters are, moreover, not good points of suspension,

since the roof of a building is very sensitive to the

wind, and to other sources of vibration. For these

reasons, and on account of economy in heating, attics

are undesirable for the purposes of physical measure-

ment.

The best possible place in a large buildiag for lab-

oratory work is that usually set aside for lecture pur-

poses ; namely, a two or three story room reaching

from the first floor to the attic floor, and situated

either in an L, or at one end of the building, so as to

be lighted from three sides. The attic should be

used solely for the storage of apparatus, or as a means

of reaching different points in the laboratory ceiling,

where suspensions, for instance, may be needed. In

the absence of a two-story room, a staircase may per-

haps be utilized for long suspensions when necessary

(Exp. 65).
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The laboratory should be situated as far as conven-

ient from public travel, but not too far from the

work-shop. It is hardly desirable that a powerful

engine of any sort should be placed under the same

roof as the laboratory. Even a smoothly running

gas engine may interfere with delicate measurements.

The neighborhood of dynamo and even telegraph

wires should be avoided, and particularly vertical por-

tions of such wires. Powerful currents, if admitted

at all to the laboratory, should come and go through

parallel wires (see IT 193, 8).

The conditions here named are not so formidable

as they may perhaps appear. A common square

wooden building with an attic and basement, situ-

ated in the middle of a field, has advantages for the

purpose of physical measurement which some of our

best institutions do not possess.

It is well to have the laboratory ventilated by

registers in the floor and ceiling. A large number of

small registers in the floor is likely to cause less

draught than one or two large registers. It is best,

on account of dust, to heat the air before it enters

the room, by steam. Furnace heat is, however, not

objectionable if the pipes, furnace-chamber, and air-

boxes are perfectly tight, so that no dust from the

ashes can enter them. The floor, walls, iand ceiling,

should be finished in paint, wax, oil, shellac, or var-

nish, so that they may easily be kept clean. Other

precautions against dust will be spoken of later on.

The window-sills, if of the ordinary pattern, should

be at least 2 ft. 10 in. from the floor, in order that
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work-tables or benches may be placed in front of

them without cutting off the light. There should be,

moreover, no obstacle— such as steam-pipes— to

prevent such tables or benches from being set close

to the walls. This is not only a matter of conven-

ience in preventing small objects from falling behind

the tables, but also in some cases the only means of

making tables steady enough for delicate experi-

ments. In some eases, such tables have to be sup-

ported by pillars reaching to the basement; but this

will not be necessary for elementary work.

It is well, on at least one side of the room, not ex-

pGsed to the sun, to have a wooden bench, 2 feet wide,

2 in. thick, and 33 in. high, fitted permanently to the

wall, and if necessary, into the window spaces. A
small platform or balcony facing southward will be

found convenient for experiments requiring direct

sunlight.

The windows on the sunny sides of the room
should have blinds giving free access to air. White
window curtains, closing from below upward, are a

convenience, but by no means a necessity. Wooden
shutters, or curtains of enamelled cloth almost en-

tirely opaque to light, are needed on all the windows
to obtain the best results in photometry, and are ab-

solutely indispensable if experiments in photograpliy

(not included in this course) are to be made.^

The expense of arranging a laboratory so that it

may be darkened is very much less than that of con-

1 For the latter purpose, it would be well to have yellow glass set

into one or two of the windows.
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struetihg the customary " dark room" for photometric

and photographic experiments, and has the advan-

tage of furnishing plenty of air and space to the

students. This arrangement is, however, practicable

only when, as in the cOurse of experiments which the

author has planned, all the students are to work

together at a given time upon a given class of

experiments.

There is no need, under these circumstances, of

having a separate " weighing room " or a separate

room for electrical measurements. Ordinary bal-

lances and galvanometers, provided with glass cases,

may generally be left in place without danger of

injury. It may occasionally be desirable, during ex-

periments with certain corrosive acids, to shut up all

the finer apparatus in a cabinet, and for this reason

such a cabinet should be provided. The cabinet

should have glass sides and doors if possible, and

plenty of shelves. It should occupy about gV ^^

much floor space as is necessary altogether for the

accommodation of students (see plan, page 906).

The furnace flue should be built side by side with

one or more ventilating flues in a chimney next one

wall of the room. A small closet or "hood" should

be built round the chimney (see plan). This hood

is intended as a place to store batteries and chemicals

from which noxious odors may arise. There should

be a continual current of air passing into it from the

room, and out through an opening near the top into

one of the ventilating flues. It is convenient, but

not necessary, to make this closet large enough to

21
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work in. A large wooden box placed in front of an

open fireplace is an excellent substitute for a hood.

There will be needed for lecture purposes, or for

purposes of demonstration, a table of considerable

size, about 34 in. high, not too far from one of the

.«-t®<M8 Plan of LABORATony for Sectioks of 12 Students each.

walls where a blackboard may be placed, and in a

position where it may be seen from all parts of the

room (see plan). This table should be supplied with

water, drainage, and gas, which can, in the absence of

electricity, be used for both heating and lighting pur-



THE LABORATORY. 907

poses. If steam is used in the building, a steampipe

leading to the table may also be a convenience. The

table should be furnished with drawers and cup-

boards, in which the lecturer may keep the greater

part of the instruments which he will need during

the course (see plan, A, B, and C, page 906).

Other tables, 30-34 in. high,^ also furnished with

drawers and cupboards for the use of students (see

plan, 1-12) may be conveniently arranged in a hollow

DOOR FIRE- PLACE

i
''

I

fyS"
LECTOUE

I
3 EXPERIMENTS i/«

\-~-\ B \~-

[ *J« *X..'...

SHELF y Rt.HlGH

SCALE OF FEET
1° , , , , I' " •

Pla.n of La..bo»-atoKy fo>»
Seci'lons of srx Stzidant-s «/ack..^CBew>«

square, so that the students working at them may

face the lecturer. If the room is very small, all these

tables may be built into one. The author has made

use of a table (Fig. 2) 9 X 9 ft, square in lecturing

to a class of 10 or 12 students, and in directing the

1 30 inches if chairs are to be used by the students, 34 inches if

the students are 'to work standing, or to make use of high stools.



908 APPENDIX I.

work of at least 6 students at one time. Around

the outside of the table were 12 drawers with small

closets beneath them, so that each student had a

special place for apparatus. Some such arrangement

is necessary, to bring into play in the minds of stu-

dents that sense of at least temporary ownership

which lends interest to the study, as well as to the

preservation of the instruments intrusted to them.

In addition to the table or tables already men-

tioned, a considerable number of common tables or

benches may (if space permits) be utilized for instru-

ments which are to remain permanently in place ; as,

for instance, ordinary balances (Exp. 6), optical

benches (Exp. 41), electric micrometers (Exp. 65),

astatic galvanometers (Exp. 76), and " dip " appara-

tus (Exp. 77). Tliese details will depend largely

upon the system adopted for carrying on the course.
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APPENDIX II.

APPARATUS.

The apparatus which will be required for the

course of 100 experiments described in this book,

and for a few outside experiments needed for the

purpose of illustration, is catalogued below under 20

heads, following the order in which the apparatus is

wanted. The author has selected in the case of al-

ternative methods, such apparatus as he himself has

found most convenient to employ.

1. For general use,— first, measures of length : (a)

a Metre Mod, graduated in millimetres either on

wood, brass, or steel. Wooden rods have the small-

est coefficient of expansion, are satisfactory, and cost

only about 25 cts. ; (S) a Measure graduated in cm.

on cloth or steel tape 10 metres long (Fig. 224),

cloth, costing about 75 cts. ; (e) a Grange (with ver-

nier), reading to -^ mm., with a shaft 10 or 15 cm.

long, made to order for about fl.OO in Paris (Fig. 2);

and (ci) a Long Gauge with vernier reading to^ mm.,

with a shaft 40 or 50 cm. long (Fig. 222), made to

order for about $1.50 in Paris ; one of these is enough

for 6 or 10 students. Other instruments for the

measurement of length will be found under 5.
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Second, for the measurement of weight : (e) a Bal-

ance (20 kilo capacity) with weights (Fig. 188), cost-

ing $5.00 or flO.OO ; one instrument enough for 5 or

10 students ; (/) a Balance (flat pan) sensitive to -^

gram (Fig. 1), costing $3.00 or |4.00; {g) Weights

(iron) for ditto, cost about 50 cts. ;
(e^.) Weights

(1 eg. to 100 g.), costing from $2.00 to $5.00 (c, Fig.

4). Other instruments for the measurement of

weight will be found under 3.

Third, for the measurement of time, (Ji) a Oloeh

with a wooden seconds pendulum (Fig. 152), to which

a break-circuit may be attached, so as to re-enforce the

ticks by electrical means. The second-hand can be

made also to close a circuit, so as to give the signals

(needed for the determination of rates of cooling)

once or twice a minute. Such a clock (without con-

nections), made by the Seth Thomas Co., costs about

$20.00. One is of course enough for all students.

Fourth, (i) a Barometer (aneroid), costing $5.00 or

$10.00 (4,. Fig. 53) ; one for the whole class; (/) one

Eygrodeik'^ (Fig- l^)? foi" the whole class, $5.00 or

$10.00; and (Jc) a Thermometer (Fig. 61), 0° to 100°

Centigrade, graduated on glass stem, costing about

$1.00 in Europe, and $3.00 in the United States, —if
possible, one thermometer for each student.

Finally, (Z) a Lens or magnifying glass (Fig. 34),

costing about 50 cts. ; (m) a spirit Level, costing

' A substitute for a hygrodeik consists of a pair of thermometers,

one of which lias its bulb surrounded with wet lamp-wicking. The
readings, of these thermometers are to be interpreted by Table 15.
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about the same ; and (n) some wooden Blocks., on

which to mount apparatus.

ToUl cost, 140.00 to 160.00.

2. Preliminary Experiments (I. to IV.) : (a) a

wooden Block (about 10 cm. cube) ; (i) a siraihii'

Black hollowed with an auger 5 cm. iu diameter to a

depth of 8 cm., then closed by a wooden plug even

with one surface ;
(c) a small Block about 8 cm. cube,

— all of these blocks oiled or paraffined to make them

impervious to water ;
(t^) 10 or 12 steel Balls, such

as are used in the bearings of a bicycle wheel, weigh-

ing about 30 grams (or as much as a hydrometer can

float), and costing about fl.OO; (e) a Brush of

eamel's-hair ; (/) and a Nicholson's Hydrometer (Fig.

4, page 8), costing from $3.00 to 15.00.

A gauge, balance, weights, thermometer, &c., have

already been mentioned (1, (c), (/), (^), (e^), (A),&c.).

In the rest of this list the names of instruments once

mentioned will not in general be repeated.

Total cost, $5.00 to $7.00.

3. The Balance (Exps. V. to X.) : (a) a Balance,

sensitive to 1 eg., either uncovered as in Fig. 14, page

26, or with a glass case (Fig. 15, page 28), and cost-

ing from $6.00 to $22.00. The capacity of the bal-

ance should be at least 100 grams; (J) a Barodeik

(Fig. 14, page 26) consisting of a litre flask hermeti-

cally sealed, and counterpoised by pieces of window

glass. Such a flask should cost not over $1,00. It is

well to have one such flask and counterpoise perma-

nently mounted on a special balance (sensitive to

1 eg.^ with a paper scale especially constructed so as
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to show the density of the air. The complete instru-

ment ought not to cost more than f10.00 ;
(c) a Bar-

ometer tube (Fig. 10, page 17), 80 cm. long, 5 mm.

internal and 10 mm. external diameter (cost 25 to

50 cts.) ; (t^) a small Beaker (b, Wig. 10}, costing less

than 25 cts. ; («) a nickel-plated Cup, holding 250

grams or more (cost 25 or 50 cts.)
; (/) a standard

Weight, (100 ^.), costing about $1.00 ; (^) a glass

Ball (or marble) 4 or 5 cm. in diameter (about 10

cts.)
; (A) 2 small Rings of equal weight (to prevent

ball from rolling)
; {i) a hydrostatic Arch (Fig. 18,

page 43), made of sheet brass for less than 25 cts.

Total cost, 110.00 to 135.00.

4. The Specific Gravity Bottle, &c. (Exps. XI. to

XVIII.) : (a) a Specific Gravity Bottle, or a common " 2

ounce," wide-mouth, glass-stoppered bottle (Fig. 19,

page 50). The stopper should be solid so as not to en-

close a bubble of air. If hollow it must be filled with

paraffine or other material not acted upon by ordinarj--

liquids ; cost less than 25 cts. ; (b) a Densimeter with

jar (Fig. 20, page 60), costing about $2.00 ; (e) a f/

Tube with rubber couplings, and (d) a Y Tube with

rubber couplings, both tubes of glass or metal, about

3 mm. internal and 7 mm. external diameter (cost

about 25 cts.)
;

(e) 4 straight glass Tubes of the same

diameter and about one metre long (about $1.00)

;

(/) a rubber Tube (for connections), 1 metre long,6 mm.
internal diameter (25 to 50 cts.) ; (g) an Air Pump, or

Richards' injector ; the latter can be attached to an

ordinary water faucet, and gives a more or less per-

fect vacuum ; cost about $1.00 ; (h) a small stop-cock
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ending in 2 tubes 6 or 7 mm. outside diam. (about 25

cts.) ; (i) a stout Flash (Fig. 24, page 67), capable of

resisting the atmospheric pressure (25 cts. to fl.OO) ;

and (/) 3 India-rubber Stoppers to fit the flask, with

2 holes, with 1 hole, and with no hole (cost about

10 cts. each).

Total cost, 15.00 to 17.00.

5. Length (Exps. XIX- to XXI.) : (a) a Micrometer

Gauge (Fig. 28, page 73), reading to ^-^ mm., made

to order for about |2.00 in Paris (American instru-

ments reading only to -^-^ mm. cost from |4.00 to

16.00); a Spherometer (Fig. 38, page 83), costing

about $20.00. A much cheaper instrument, accurate

enough for most purposes, could undoubtedly be

made by soldering the necessary appendages to a nut

and screw with a millimetre thread. Such threads

and instruments for cutting them, though rare in

America, are common in Franpe. (a) A piece of plate

Grlass about 5 cm. square (10 cts.). The Vernier

Gauge, Balls, and Lens, have been mentioned in

1, 2, and 3.

Total cost, 15.00 to $25.00.

6 Expansion (Exps. XXII. to XXX.) : First, ther-

mometers of the ordinary. sort (see 1, k), at least one

for each student ; then (a) an Air, Thermometer (or

manometer) consisting of a stout glass, tube 40 cm.

long, 2 mm. internal diameter, graduated in mm,

(see Fig. 56, page 119), at a cost of about |2.00 ; (5)

for purposes of illustration (only), an air-pressure

Thermometer (Fig. 6,0, page 127). The bulbs a and c

should be about 5 cm. in diameter, and should have
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capacities of at least 100 and 200 cu. em. Tespectively.

The tube h should be graduated in mm. for a dis-

tance of 40 em. or moTe, and should have an inter-

nal diameter of about 2 mm. A similar instrument

(made by Alvergniat, Paris) cost $3.00 unmounted.

Add for mounting, and for a kilogram of mercury,

about 12.00. One instrument enough for class. Cor-

rections for different readings are easily calculated,

and should not exceed 1°; (c) a weight Thermometer,

or test-tube drawn out to a fine point '(see^ 240),

and {d), a self-registering Thermometer (or 'maximum

and minimum), costing $3.00 in London. One in-

strument enough for a Class.

Next, for 'heating (or cooling) purposes: (e)'a Bun-

sen burner ($1.00) (3, Fig. 53), or its equivalent; (/)

a steam Boiler (¥ig%. 53 and;64, page 115), capable of

^admitting a thermometer ($1.50) ; {g) a rubber Tube

for steam {ad. Fig. 46, page 90), 60 cm. long (about

'25 cts.) ; (A) a Steam Jacket or tube (c?j, Fig. 66) 1

metre long, and 3 or 4 cm. in diameter, with corks

(50 cts.) ; (i) an ice Trough, 1 metre long and 5 cm.

deep, made of a strip of tin, and [j) a.vupor Boiler,

or stout flask of about 100 cu. cm. capacity, drawn

out at the mouth into atube 5 or 6 cm. in diameter

(about 25 cts.). -It may 'be well to surround the

flask -with wire netting dn case of accident. [The

use of this apparatus is not accurately represented in

Fig. 64. The manometer should be raised on a block

of wood and fastened there, so as not to roll, the

rubber tube should slope toward the 'boiler, and the

boiler should be nearly covered by-the hot water.]
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FijPallj'', the special apparatus (k) of I)ulong and Petit,

modifiecl as in Fig. 47, page 95 (brass, abput §4.00) ;

pile .enough fqi'.4 or 5 students, sipce e^ch maj' take

his o>vn observations; and (/) the Manam,etric appara-

tus pi ^ 76 (Fig. 62), costing about fl.OO, exclusive

of title filteji"-st,g,iid, and mercury. It might be well to

,l\a;v,e two l,>ottle,s blown especially for this appafjitus,

with tub^s issuing directly frcum the top and :bo.ttoni.

One in^tru,nient enough for 2 students; (m) A wooden

Micrometer Frame (boon. Fig. 46), with screws/ and

y, ought not to cost more than il.QO,; (w) two Test

tubes (10 cts.), and (o) a Medicine dropper (10 cts.

;

see F.ig- 58, page 121), with the flask and stoppers

already mentioned, (see 4, i and/), will be required.

Tqt?\l Rost 115.00 to 120,00.

T;. Calqrimetry (Exps. XXXI. lo XXXVIII.): (a)

!\. Oalorimeter (¥\gs. 70, 71, 72, page 144), with an

inner cup ,of 100 qr 200 cu. cm. capacity (50 cts. to

1,1.00) ; (5) a Stirrer (Fig. 5p_, page 107) ; (e) a

Measuring gl(iss (Fi*g. 75, page 169) of 2 or 3 cm. cni.

capacity (25 cts.) ; (c?) a Steam Shot heater (Fig. 79,

page 179), with an inner cupj^f 100 or 20.0 cu. cm.

capacity (iibout |1;00) ; (e) a Bottle for ice-water

(w:ide mouth, 250 cu. ern. capacity, with wire nettipg

J;o restrain ice,:— about 10 cts.); (/) a Steam Trap

(J),
Fig. .q83, page 203), .materials cpsting about 25

cts. ; {g) a glass Beaker for Calorinietry, of 100 or 200

-cu. em. capacity (see ^^ 105 (1), cost less fhan 25 cts.

"Each studient should have at least pnp thermometer

(see (1)) at his disposition during these experiments.

Total cost, 'f^-OO to $3.00.
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8. Radiometry (Exps. XXXIX. to XL.) : (a) an Op-

tical Bench (Figs. 89 and 100), consisting of a board

or plank 1 or 2 m. long, 10 cm. broad, set up edge-

wise, with 8 grooved blocks or " sliders" to fit loosely

over it. One slider is to hold a candle, another a

kerosene lamp, a third a telescope, a fourth a lens, a

fifth a pasteboard screen, a sixth and seventh wires

(Fig. 104), and an eighth a wire netting. Each

slider can be clamped by a small screw eye, and each

carries a marker. A paper or wooden mm. scale is

attached to the board. Cost of bench and sliders,

-12.00 or 13.00; (b) a Bunsen Photometer (Fig. 94,

page 224). The diaphragm (incorrectly represented

ill de, Fig. 94) consists simply of a piece of paper

with an oil-spot (Figs. 91-92) mounted as in de, Fig.

93,— cost, possibly 50 cts. ; (c) a Candle; (d) a small

Kerosene Lamp; and (e) either a differential Ther-

mometer with gauge (Fig. 86, page 216), or else a

Thermopile and Galvanometer (^Fig. 88). Cost of

the differential thermometer (made nicely by a tin-

man), 11.00 or 12.00.

Total cost, 14.00 or $5,00.

9. Pooal Lengths (Exps. XL. to XLIIL). In addi-

tion to the Optical Bench, &c., mentioned in 8, tliere

will be needed (a) a small Telescope (with cross-

hairs), which may be borrowed from the sextant or

spectrometer mentioned below (in 10) ; (i) a long-

focus Lens, the achromatic object-glass of the tele-

scope ; (e) a converging Lens (the crown glass of the

combination) and ((^) a diverging Lens (the flint glass

of the combination). These lenses if 3 or 4 cm. in
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diameter, would cost separately #3.00 or f4.00. Spec-,

tacle lenses at less than fl.OO per dozen will answer

most purposes. It is desirable to have (e) 3 small

Mirrors, (slightly) convex and concave, for pui'poses

of illustration (^ 118), ai'fd if possible (/) a '^Doublet

ie*i,s," such as is used for rectilinear photography,

costing about $15.00 (one sufficient for 4 or 6 stu-

dents). The principle can be illustrated by two

"meniscus" spectacle lenses mounted facing each

other with a small diaphragm between them.

Total cost $1,00 to 120.00 (the former, if spectacle

lenses are employed, or if lenses are borrowed from

optical instruments elsewhere accounted for).

10. Goniometry (Exps, XLH. to XLVII.) : (a) a

Sextai(kt\ (Fig. 106, page 246) reading to 10", costing

$15.00 in Liverpool; (5) a Babinet Spectrometer}

reading to minutes or fractions of a minute, costing

about $20.00 in Paris. A cheap .spectrometer can be

made with a paper scale,, but such instruments are

apt in the hands of students to yield unsatisfactory

results. It is perhaps better, to dispense with the

spectrometer altogether, and to use a sextant in its

place. In this case a metallic shield with (c) a narrow

Slit (1 mm. X 10 cm.') will be required in certain ex-

periments. This must be illuminated by (c?) a So-

dium Flame (see foot-note, page 260). («) an Artifi-

cial Horizon (page 545) ; (/) a small Prism, and (^) a

Diffraction Grrating (page 267), complete, at a nom-

1 It is indifferent whether the student begins with the sextant or

with the spectrometer. One instrument of each kind is therefore

enough for at least 2 students.
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inal expense,' the list of apparatus required for angu-

lar measurements.

Total cost, f35:00 to f80.00.

11. Sound (Exps. XLVIII. to LV.) : (a) a Reson-

ance Tube (Fig. 121, page 272), costing $1.00 or f2.00 ;

(6) a Monochotd (Fig. 122, page 274),- costing per-

haps 12.00 ; (c) a Bow (at, Fig. 122), costing 11.00;

(cZ) Signalling appartttus, for instance, two hammers

and boards (^ 137, III.) ; (e) a- Smoked glass appar.

atus (Fig. 125, page 288). The dimensions mky be

as follows : total length -60 cm:, breadth 15 em.,

height 30 cm., cost about f3;00 for carpenter's work ;

(/) a Toothed Wheel apparatus (Figs* 135 and 136,

page 802), watchmaker's charge about 11.00 ; {g) Tun-

ing Fatks with the following rates of vibration per

second: G# = 51.2 ; A = 54 ; A# = 57 ; B ^ 60 ;

C =: 64 ; C = 128 ; A = 216 ; C = 256. Cost made

by blftcksifiith out of best steel, about $8.00 in all.

Additional forks (68, 72, &c., up to 128) desirable,

but not necessary. Forks A = 440 + and C = 512

-(- td be had of dealers in musical instruments (25

cts. each)
;
(A) a Pitch Pipe (Fig. 273, page 654),

or its equivalent (less than $1.00) ;
(i) a Cloth Band

for torsional vibrations (page 554) ; and(y) means of

stretching considerable lengths of Wires. Resin will

be needed in these experiments. Students will do

well to work in pairs upon all these experiments.

Total cost, $15.00 to $20.00.

12. Kinetics (Exps. LVI. to LX.) : (a) a, simple Pen-

dulum (Fig. 150, page 316), at a nominal cost ; (J) an

irrotational Pendulum (Figs. 158 and 154, page 321^



APFAEATirS'.. 919'

scale of figui'es-. about -^^), cost, made by ordin-

ary carpenter, tinman,, and blacksmith, not over

fo.OO; (c) a Torsiio-n, Headi, or suppension ( AB, Fig. 159

page 334), eostiiig abouit fl.QO ; {d) a Torsion Pen-

dulum, or ring apparaitus (BCEFD, Fig. 159), costing

about fl.OO ; (e) a Spiral Spring apparatus (Fig.

158, page 331), cost nominal
; (/) a Falling-Bodies'

apparutus (Fig. 149, page 313), materials costing

less thani fl.OO; and for purposes of illustration, (§) a,

pair of billiard Balls, suspended as in Fig. 146 (cost

about $2.Q0).

Total coat, f&.00 to 110.00.

13. statics (Exps. LXI. to LXII.): (a) Two
Spring Balances of 10 kilos' capacity, graduated to

Jq Kilo (Fig. 160, page 338) ; cost about $2.00 ; (h) a

set of Safety-valve Weights (Fig. 160) from 1 to 10

kilos (about fl.,00); (e) a Lever (Fig. 162, page

341), costing perhaps 25 ots.
;
{d) a. loaded Board

(Figs. 170^ page 348), costing about 11.00 ; and (e) a

pair of Triangular Supports (i and j, Fig. 173, page

350).

Total cost, $4.00 or 15.00.

14. Elasticity and Cohesion (Exps. LXIII.-LXVII.).

{ay Two Steel Beams {ag. Fig. 173) both 100 + cm.

long, one 6 -f- w^™- square, the other 6 -|- mm. X 12

-j- mm., costing about $1.00 ; (J) an Mlectric Microm,'

eter (Fig. 173), costing with platinum points about

$20.00. Two students can use same micrometer.

[The electrical connections are unnecessary. A com-

mon screw with a brass head soldered to it and gradr

uated. with a knife will answer. Fasten a small
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metallic mirror to the beam aud move screw until its

point touches its own reflection.] (c) A Torsion

Apparatus (Fig. 174, page 355), with 2 or 3 rods,

costing perliaps $3.00; (d) a Torsion Balance (Fig.

176, page 358), made at a nominal cost by additions

to the Torsion Pendulum {ae, Fig. 176) already men-

tioned (12 d) ; (e) Young's Modulus Apparatus (Figs.

178 (3), and 179, page 165), costing about 12.00, out-

side of the electric micrometer (see J) ; (/) a Bobbin,

scooped out so as to fit over the hook of a spring bal-

ance (Fig. 180, page 367); (g) a Fork of wire for

holding a film of water (page 369), and (A) a Capil-

lary Tube, made of a broken mercury thermometer

(Fig. 182, page 371). Be sure that the bore is nearly

circular (not elliptical).

Total cost, 15.00 to |20.00.

15. Work (Exps. LXVIII. to LXX.): {a) a pine

Board (20 X 100 cm.) and Plank (5 X 20 X 40 cm., see

Fig. 183, page 373) nicely planed (about 11.00) ; {b) a

Siphon (Fig. 185, page 378), made by a rubber tube

2 m. long, 3 mm. internal diameter (not over fl.OO)

;

(e) a Tackle (Fig. 186), consisting of two smootlily

running double blocks, of either iron or wood, to be

had of dealers in shipping materials, for about fl.OO;

{d) a Water Motor apparatus (Fig. 178, page 382), cost-

ing about $30.00 for the motor {-^-^ horse power),

$3.00 for the water gauge, fl.OO for the stone jar, and

•fl.OO for the supports, in addition to the cost of the

spring balances mentioned in 13 a. One motor enough

for 4 or 5 students. A much smaller motcfr costing

about 15.00 will answer ; in this case letter balances
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should be employed (see 20). (e) A pasteboard Tube

1 -\- m. long, .5 cm. diam. (sold for about 25 cts.

by paper dealers), with corks (Fig. 192, page 390);

(/) heavy iroa Weights (1-10 kilos), costing from

11.00 to 12.00. Lead shot and a thermometer (1 k)

will also be required in these experiments.

Total cost, $10.00 to $40.00.

16. Magnetism (Exps. LXXI. to LXXV.) : (a)

three compound Magnets (see ^ 179, also Fig. 196,

page 396), costing about 15.00 (one or two needed at

one time)
; (b) a vibration Magnet (Fig. 204, page 412),

cost nominal
; (c) a Surveying Compass (Fig. 199,

page 405), costing from $5.00 to $15.00 ; (d) a long-

bar Magnet (Fig. 209, page 420), 1 m. long, 12 mm.

diameter (cost about $1.00) ; (e) a Dipping-needle

and stand (Fig. 210, page 423), costing about $2.00 ;

(/) two wooden Blocks 1 cm. cube.- Iron filings and

photographic paper will be required for these

experiments.

Total cost, $10.00 to $25.00.

17. Magneto-Electricity (Exps. LXXVI. to LXX-
VII ) : (a) a sliding Helix with stops and clamps (ad,

Fig. 209, page 420), costing about $1.00 ; (6) an Harth

Inductor (Fig. 218, page 428, scale about gV)' ^O""

taining about 100 turns of insulated copper wire (No.

18, B. W. G.) on a wooden ring 60 cm. in diameter,

and costing from $5.00 to $10.00. Good results may

also be obtained by a simple coil laid against a door

or on a table, then suddenly turned over by hand.

Cost of such a coil $2.00 or $3.00. (c) A ballistic Gal-

vanometer, made by loading the needle of an astatic

22



922 APPENDIX n.

galvanometer (Fig. 207^ page; 418, scale about ^^)

with a fetv gvamss of lead at each. end. Cost of the

astatic galTanometer,. about $16.00.

Total cost, $20.00 to $25.00,

18. Galvanometry (Exps. LXXVIII. to LXXXIV.)

:

(a) a Single Ring {S. i2.) G-alvanometer (Fig. 217, page'

438, see footnote page 439), cost without compass

about $10.00; with compass $25.00; (J) Double-

Ming {D. B.) Cralvanometer (Fig.. 225, page 448), cost

about $10.00, exclusive of surveying compass (see

16 c) : (e) electro-Dynamometer (Fig. 228, page 451,

scale
-jV),

cost $10.00 or $15.00 ; {d) an Ammeter (Fig.

231, page 466), costing $5.00 or $10.00; (e) a Vibration

G-alvanometer (Fig. 230, page 461), which the student

Can himself construct at a cost of about 50 cts.; (/) a

Commutator (Figs. 216, page 435, scale -jij), costing

perhaps $1.00; (g) a Shwnty consisting of a piece of

uninsulated German Silver wire of about 1 ohm re-

sistance, with copper connections (Fig. 249, page 486),.

cost nominal : (h) several cheap Keys, 50 cts. to $2.00.

Batteries will ako be needed as follows : (i) Bat-

tery Materials, that is, materials for a small Daniell

cell to be set np in a small jar or tumbler (see page

463), cost about 50 cts.
; {j) a Daniell Battery of 6

litre Daniell cells (Fig. 235, page 469), $6 00
; Qc) a

Bunsen Battery (of 3 or 4 Bunsen cells. Fig. 234),

$10.00; and (?) a Leclanohs Battery of 1 or 2 Le-

chanchg cells (Fig- 286), $2.00.

Total cost, $15.00 to $30.00.

19. Electrical Resistance (Exps. LXXXV. to XC-
III.) i (a) a Resigtance coil (Fig. 238, page 471, scale
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J), made to fit caloliiweter 17 a) cost nominal
; (6) a

Resistance bom (Fig. 242^ p^ge 476, see also R., Fig.

264, and Figs; 240, 241. Scale of Fig. 241 about a),

eost, roughly ad|j listed, about f60.00 ; (<?) a Baitish As-

sociation {B. A.) Bridge (Fig. 247, page 481^ scale' of

cm. in Fig.), cost of materials about f2.-00 ; complete

instrument 110.00 to 115.00 ; (d) a differential Gal-

vanometer, m&Ae by using the differential connections

of th€ astatic galvanometer already mentioned (17 c)
;

if there are no differential connections, add to the

two binding posts a and b, already existing, a third

binding post, c. Connect a and c with a resistance of

say 10 ohms ; connect h and o with an equat resist-

ance ; then equal currents through ao and he will

produce no deflection. Tlie instrument will work as

a differential galvanometer in all cases where insu-

lation between the two circuits is not required. Cost

of change in connections about $1.00. It is preferable

to have the galvanometer wound with a double wire,

as stated in footnote, page 419.

Total cost^ 160.00 to $76.00.

20. Electromotive Force (E:^ps. XGIV. to C.)'. These

experiments depend chiefly upon the apparatus men-

tioned in 18 and 19. Theref is needed also (a) a

Thermo-Junctibn {a. Fig. 257, page 521), cost nominal

;

(J) a Clark Battery (1 cell sufficient), cost of materials

about 11.00 ; (c) an Mectric Motor (Fig". 263, page

584), with a friction brake consisting of two letter

balances (see Fig. 264), and (d) a Revolution Counter

(Fig. 266). Cost of motoi', &o., from $5.00 to $10.00.

.

Total CG.st, 17.00 to $12.00.
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In addition to the list of apparatus given above, it

will be found convenient to have certain supplies al-

ways on hand, together with tools and materials to

repair broken apparatus. The most important items

are arranged alphabetically below, with an estimate of

the number or quantity required for each student.

Alcohol, J pint.

Augers, as.sorted.

Binding screws, electric.

[Blast lamp.]

[Brackets
]

Bunsen Burner.

Candles.

Cord, 10 feet.

Corks, assorted.

Cotton elotli, ^ yard.

Cotton waste, 1 oz..

Ether, 2 oz.

Gas .

Gimlets, assorted.

Glass Beakers, assorted.

" Jars.

" Mirrors, pieces.

" Plate, ' "

" Test-tubes, assorted.

" Thermometer, 1 extra.

" Tubing, assorted, but es-

pecially i inch.

Hammers and Hatchets.

Ice (Exp. 5 and Exps. 22-36).

Ink.

Iron filings, J oz.

[Iron Plate.]

Kerosene, 1 pint.

Mercury, 1 lb.

Nails, assorted.

Oil-can.

Paper, coordinate, 12 pages.

" photographic, 1 page.

Parafflne, J oz.

Pins, assorted.

Eesin, for bows.

Rubber couplings, 6.

" Stoppers, assorted.

" Tubing, assorted, 3 ft.

Salt, 1 lb.

Sand, 1 lb.

Saw.

Screw-drivers.

Screws, assorted.

Shot, lead.

" Zinc (or copper).

Solder and iron.

Tacks, assorted.

" double-pointed.

Tin-foil (10 sq. in.).

Vice.

Water, cold, hot, and distilled.

Wax.
Wire, Brass, fine, J oz.

" Copper, assorted, 1 oz.

" German silver, assorted, J oz.

" Iron, assorted, J oz.

" Steel, fine, J oz.

Wood, blocks to mount apparatus.

boxes, boards, planks, strips, &c.

Every instrument, tool, or receptacle should bear

the number of the shelf where it belongs, and in ad-
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dition a label of its own by which it may be identi-

fied. It would be well to make an alphabetical list

of apparatus referring to the shelf where each instru-

ment may be found.^ The studieots could then set

up their own apparatus.

1 The names of instruments printed in italics in tlie list will be

found in the general index at the end of this book. The words under

which they are indexed are those beginning with capital letters.
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APPENDIX in.

EXPENSES.

THE.cpst of fitting up a j]9,bpn),toi7 Jpr the.purposes

of elementary physical measurement does not differ

essentially from that of an ordinary school-room, ex-

cept that a somewhat greater space is required for the

students. This is not, however, so great as is com-

monly supposed. The author has found no serious

difiBculty in the use of a room J 5 feet square, for a

section of six students. The room contained a table

9 feet square, arranged as shown in the plan (Appen-

dix I.). The total expense of fitting up the room

and table, including gas, plumbing, water, and a fur-

nace pipe, together with shelves, drawers, closets,

and a small "dumb-waiter" to connect with a tool-

room in the basement, was about 1300.00. Since the

laboratory can receive three or four sections of 6 each

daily, each member of a class of from 36 to 48 stu-

dents can attend three exercises a week in a room of

this size. The cost of permanent laboratory fittings

is only a little greater than that of the ordinary

desks required for a school-i'Oom, and if it is decided

to introduce experimental physics at all, the neces-

sary appropriation is generally forthcoming.

The cost of supplies in a course of physical meas-

urement is not, as in chemistry, an important item.
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An allowance of $2.00 or $3.0,0 per annum for each

student has been found ,to >cover the whole expense,

A still smaller sum would suffice if ;care wei-e taken

to prevent unnecessary waste, especially of mercury,

alcohol, and battery [materials. The cost of gas and

water is usually nominal. Heating is not included

in tlie estimate above, and must becallo;w.ed for asiu

any other course of instruction.

The cost of a [complete set of apparatus will be

found, by:adding up;the :sepamte sums in the list (Ap-

pendix II.)„ to vary from 1300.00 to 1500.00. A single

CQ[)y of .each instrument ,wilLgei»erally answer .for two

students to work with ; at one time, especially when

there are two or more instruuaenits serving a given

purpose, like the sextant and the spectrometer. In

some experiments yit is: advisable for more than two

students to work together ; it is, however, irecom-

mended thai .one set of apparatus be allowed on ihe

average dor each pair:Qf students ;present in the lab-

oratory. at a given time. Some instruments, like the

clock and the barometer, may serve for a whole class

of students ; but it is highly desirable that each

student should have his own thermometer, gauges,

w.eights, and other ; comparatively inexpensive ap-

paratus.

.If we suppose a class of .stiitd-ents to ibe divided

into .6 sections, each having separate access to the

laboratory at stated periods during the .week, it is

evident that a isingle complete set of apparatus can

serve six pairs of students. A moderate laboratory

f«e (110.00 p,er student) is therefore sufficient to pay



928 APPENDIX III.

for a complete set of apparatus in 4 or 5 years. Ex-

perience has sliown that college students are willing

to pay such a fee in addition to the regular charge

for tuition.

It follows that 12 students can afford one complete

set of apparatus, that 24 students can afford two sets,

&c. In other words, the cost of reduplicating appar-

atus to such an extent that a large class of students

worting in pairs may be able without delay to follow

a regular and connected course in physical measure-

ment, comes within the limit of what the students

themselves are willing to pay. There is, perhaps, no

better demonstration of the fact that such a course

is desirable from an economical point of view. Tlie

first criticism, however, which occurs to a practical

man when he sees a whole class working simultane-

ously upon a given experiment, is that a great pro-

portion of the apparatus lies idle. It may be well,

therefore, to consider, from an economical point of

view, certain methods of instruction, in which the

proportion of apparatus employed at a given time

is relatively great.

" It is suggested " (see Harvard List of Advanced

Physical Experiments, 1890, page 54) " that great

duplication of apparatus is not necessary in a course

of experiments such as is described in this " (the

Harvard, 1890) "pamphlet. It is found that stu-

dents differ much in their rate of working in a phys-

ical laboratory, and consec[uently, in more difficult

experiments, the students can be working on differ-

ent parts of the subject during the same hour." A
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good instance of this would be in the case of experi-

ments with double and single ring galvanometers,

since the same principles are involved in the two in-

struments. Unfortunately, certain expensive instru-

ments, like the- balance and the resistance box, are in

continual use for several weeks devoted to a given

subject. To avoid conflict with such instruments, it

is necessary that students should be working on dif-

ferent subjects at the same time.

This leads to the consideration of a systeni of

instruction used in many of our oldest institutions,

in which the experiments that a student is to per-

form are determined largely by the supply of appa-

ratus. This system deserves especial attention, since

it is in some cases tliB only one possible, and has

the merit of extreme economy as far as apparatus

is concerned.

The progress of each student in this S5'Stem may be

watched or controlled by an " indicator board." The

names of the students can be arranged across the top

of the board, and the names of experiments at the

left. (^See the fJarvard List of advanced Physical

Experiments, 1890, page 54.) A long peg is then

placed under each student's name opposite the exper-

iment which he is to perfbrm. The long peg can be

moved and replaced by a short peg; to show that the

experiment has been performed, and that the appara-

tus is free for the next student. A complete row of

short pegs opposite a giVen experiment shows there-

fore that all the stud'ents have performed it. A new

experiment is then prepared in its place.
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This individual system of instruction, aside from

its economy, has undoubted educational merits. A
good text-book and the personal attention of an in-

telligent assistant are together worth more than al-

most any system of lectures without such aid, as far

as the understanding of experiments is concerned.

When, however, we consider the mutual relations be-

tween experiments, the " individual system " as it is

generally practised presents numerous defects. Pio

fessor Pickering, in his Physical Manipulation, Vol.

II., appendix C, recommends that at the start about

thirty experiments should be prepared. Among
these are Measurements of Length, Temperature,

Capacity, Weight, Force, Elasticity, Acceleration,

and Light. It is true that, although some of these

topics naturally precede others, any one can be ex-

plained without reference to the rest. A lecturer

cannot, however, begin by explaining all. As a

natural result, those students who, through lack of

apparatus, are obliged to perform, for instance, ex-

periments in light before any allusion to the wave

theory has been made, work under a decided disad-

vantage. It is better to keep a student waiting for

apparatus than for explanations. For this reason the

lecturer m.ust keep at least a month in advance of

the majority of the students, even when all are work-

ing, upon a given class of experiments. It is impos-

sible after such an interval to recall the details of an

explanation even with the aid of copious notes. Such

details therefore are generally omitted from the lec-

tures, and when the time comes are explained sepa-
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rately to each student. Again, the lecturer cannot

point out the just iiiferenues to be drawn from a

given experiment until every one has performed it.

In the mean time, however, many of the results of

observation escape from the student's memorj'. Facts

without principles, like principles without: facts, are

quickly forgotten.

A system of lectures which is only one month in

advance of the laboratory work has nevertheless

many obvious advantages over a preparatory course

of instruction, which must be taken at least one

year in advance. It is a well-known fact that lec^

tures are the most economical system of verbal in-

struction. The farther lectures are separated in time

from the experiments to which they relate, the less

can be accomplished by the lecturer, the more is

thrown upon the laboiatory assistant. In some in-

stitutions, courses of purely laboratory work are given.

Such courses, with a limited number of students as-

signed to one instructor at a given time, have un-

doubted advantages, but are necessarily expensive. A
small amount of apparatus may, it is true, be em-

ploj'ed successively by a large number of students

;

but in an elementary course the cost of reduplicating

apparatus is small in comparison with the cost of re-

duplicating instruction,

Let us now consider what happens when, as is fre-

quently the case, 10 or 12 students without any pre-

vious preparation are assigned to a single assistant.

In the first place, time will be lost in starting the

men at work. It is easy, moreover, to see that the
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assistant cannot, in a single exercise of two hours,

devote more than 10 or 12 minutes to each student.

In other words, the quantity of his instruction is. lim-

ited. In the spaice of lime at his command it would

be impossible to cover the ground even of a half

hour's lecture. This amount of time ought at least

to be devoted to the explanation of each experiment.

The quality of the instruction given in this way is

apt, moreover, to be unsatisfactory. When the as-.

sistant has explained a given point separately to six

or eigiit students, he is sometimes left with the im-

pression that the point in question has been made

sufficiently clear, and subsequent explanations are,

perhaps involuntarily, either curtailed or omitted.

The instruction obtained, even from inexperienced

assistants, is often a great aid to the student in fol-

lowing a course of higher instruction ; but without

general lectures a course in physical measurement is

necessarily incomplete. One of the advantages, of

having a course of lectures closely connected with

the laboratory work, lies in the use of illustrative ex^

periments performed by the lecturer. It would of

course be too costly to repeat such experiments for

the benefit of each student at the time when he needs

them, and impracticable for the student to repeat

most of them himself. Students working indepen-

ently are left therefore to read about these experi-

ments in a text-book, or to recall them as best they

may from notes on some past lecture in which they

seemed to have no practical bearing upon their

work.
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The student who has just heard a lecture upon a

given experiment cannot fail to perform it with bet-

ter understanding ; he has at least the directions for

the experiment fresh in his mind, and knows how to

begin work. Experience has shown that more than

lialf of the student's difficulties can be anticipated by

ii short lecture. There is, as has been alreadj' pointed

out, a great econonry of labor in this lecture method

of instruction.

It has been found that one assistant is required

to give individual instruction to about six students.

If the class contains 72 students, whom we will sup-

pose to be divided into 6 sections of 12 each, two

assistants must evidently be present at one time, and

at least three will be required to meet all the men,

allowing 24 hours of instruction per week to each

assistant. Now it is found that a single assistant can

direct the work of 12 men at one time, provided that

they have received their main instructions before-

hand. Let us suppose that two assistants take 3 sec-

tions each, and explain once for all at the beginning

of each exercise, in the clearest possible terms, the

details of a single experiment whicli all the men are

simultaneously to perfoiim. Each assistant's hours

will then be reduced from 24 to 18 per week, and the

labor of individua,! instruction, if not lightened, Avill

at least be freed from tiresome repetition. The same

{salary should therefore suffice. There is accordingly,

in this system of instruction, a gain of one assistant's

salary. Tiiere is^ on the other hand, an increase in

the amount of apparatus, for 6 whole sets will now
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be required instead of one. The additional 5 sets

will cost from 11500.00 to 12500.00. This seems a

large sum to invest in apparatus; but it must be

remembered that, unlike assistants' salaries, this

sum is paid only once. Even if, in the course

of 10 years, all tlie apparatus should have to be re-

placed, it will ill the mean tiuie, have been paid for

almost twice over by the saving in a single assistant's

salar}'.

It is obvious that instead of giving separate ex-

planations to each section, a single lecture attended

by all the sections will suffice. There is little danger

that students may forget what is said in the lectures

before they come into the laboratory, provided that

intermediate lectures on the same subject do not inter-

vene. This fact may be made use of, if it is desired,

to effect a considerable saving in the cost of appara-

tus. Instead of giving a single series of lectures, the

instructor may give two series, each being attended

by half of the men belonging to each section of the

class. It is undoubtedly possible to arrange two sets

of experiments so that each may form a continuous

course, and that at the same time a conflict of appa-

ratus may be avoided. Half of the students present

at a given time will accordingly be working on one

set of experiments, for instance, determinations of

weight, at the same time that the other half is per-

forming an entirely different set of experiments, for

instance, measurements of length. Three complete

sets of apparatus will therefore be sufficient for a

class of 72 students working, as suggested above, in
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pairs. Thp details of this metliod have not been

M'orked out because the expense of giving a double

seiies of lectures would ordinarily amount in a few

yeaiS) to more than the original cost of reduplicating

the apparatus. The metliod, however, involving only

a single repetition of a given explanation, is obviously

more economical than the ordinary system of instruc-

tion, in which explanations must be repeated separ-

ately to each student, and is to be considered, when,

as is too often the case, it is absolutely impossible to

obtain a sufficient appropriation for apparatus.

Let us next consider a class of 24 students, for

whom one instructor or assistant is in any case suffi-

cient. Such a class would naturally be divided into

4 sections of 6 each, and would, working in pairs, be

fairly supplied by 3 complete sets of apparatus at a

cost of from 1900.00 to 11500.00. Suppose, however,

that only one set of apparatus can be had. The sind-

plest escape from this difficulty is to divide the class

into 6 sections of 4 each, and to give a double set of

lectures as has just been suggested. The exercises

may if necessary be cut down to one hour each.

They will then occupy, with six one-hour lectures, 24

hours per week ; that is, the same time as would or-

dinarilj-^ be required for the individual instruction of

24 students. Each student will moreover receive the

same total amount (6 hours) of instruction. Half of

this will be in the lecture room, the other half in the

laboratory. It would of course be better if more

than one hour could be allowed for the laboratory

exercises ; but it is thought that the student can do
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more in a single hour after a thorough expJanation

received in the lecture, than he could accomplish in

two hours under the old system, allowing for waste

of time in waiting for the necessan-y explanations.

We have seen that with a large class (of 72 stu-

dents) it "pay^ (through the saving in salaiies) to re-

duplicate the apparatus, to such an extent at least

that the students, working in pairs, may follow a reg-

ular course of experiments without waiting for ap-

paratus. We have seen also that by means of a

double course of lectures, the cost of apparatus may
' be considerablj' reduced ; in fact that, with a small

class (24 students) no reduplication is necessary.

With still smaller classes, 12 for ijistauce, there is no

need of reduplicating either the lectures or the ap-

paratus. It appears, therefore, that considerations

of expense arising from the reduplication of apparatus

need not, as is commonly supposed, stand in the way

of giving to any number of students a regular course

of lectures and experiments.

So far we have considered only the minimum quan-

tity of apparatus consistent with the purposes of this

course. It is much easier at the present day to ob-

tain a sufficient appropriation for instruction than for

apparatus. It may be well, however, before leaving

the subject of expense, to call attention to certain

practical rules by which the cost of laboratory

coursss may be reduced to a minimum.

Let us suppose that the number of students, at

first small, is doubled. There are then three ways

of meeting this increase : 1st, by doubling the supply
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o£ apparatus; for in this case, the same number of

lectures and laboratory hours will probably suiSce ;

2d, by doubling- tiie number of sections admitted to

the laboratory ; and 3d, by doubling the number of

lectures or the number of separate explanations

caused by assigning different kinds of instruments to

different students at a given time. Of these three

ways, the least expensive would naturally be selected.

Now let the number of students again be doubled.

Once more the least expensive item would be in-

creased. The rules of economy lead, theiefore, in

the end to an equal distribution of expenses between

the three above-named methods by which the capacity

of a laboratory course may be increased.

For example, if it costs $300.00 per annum to give

a single course of lectures, §75.00 per annum for the

supervision of each laboratory section, and $-50.00 per

annum for interest and repairs on each complete set

of apparatus, a class of 24 students, who are to work

singl3% should be divided into 4 sections (costing

$300.00 per annum) and supplied with 6 sets of ap-

paratus (at an equal cost of $300.00 per annum).

The total cost ($900.00 per annum, or $37.50 per

student) will be' found to be less than that resulting

from any other arrangemeiit of sections.

The numbers chosen above were derived from ex-

perience, and represent approximately the cost of a

course of physical measurement such as has been

described in this book, leaving out of consideration

the question of rent. Expenses may be reduced by

allowing students to work in pairs, or by an increase

23



938 APPENDIX III.

in the number of students; but the results compare

favorably in any case with the sums charged for

laboratory courses in colleges and other institutions

where the individual system of instruction is still

retained.

1

1 In the University of Berlin, tlie annual fee for an elementary

laboratory course is from $20.00 to $25.00, in addition to a lee of

$20.00 for general lectures.
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APPENDIX IV.

INSTRUCTION.

The advantages of a course of lectures closely re-

lated to the experiments which are to be performed

in the laboratory, have been already pointed out.

There will be needed about as many lectures (^ to 1

hour each) as there are exercises. If the class con-

sists of a single section, the exercises in the laboia-

tory should follow immediately after the lectures.

It is well in any case for the assistant in charge of a

section to say a few words to the students at the

beginning of an exercise, especially in regard to de-

tailed directions which they may require. It must

not, however, be imagined that such directions can

take the place of a general lecture.

Among the topics which would naturally be dis-

cussed in a general lecture, may be mentioned the

historical developrnent of the subject in hand, es-

pecially any incidents— like Rumford's boring the

cannon — which may appeal to the imagination.

The laws and principles involved in the experi-

ments should also be explained. The separate sec-

tions of Part III. cove)' ground enough for as many

lectures. Various illustrative experiments will be

found in well known text-books, such as those of

Deschanel and Ganot These should be shown, if
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possible, to the whole class of students.^ In hydro-

statics, for instance, Pascal's vases, the hydrostatic

press, and even the Cartesian diver may be shown

;

while Dr. Hall's experiments with a pressure gauge

(Harvard List of Elementary Physical Experiments,

No. 5) will be found to form a valuable addition to

existing methods of explanation. In connection with

experiments on the pressure of air, Mariotte's tube

and an absolute air-pressure thermometer (^ 75)

would naturally be shown. It is useful to illustrate

the expansion of gases by heat on a laige scale. Ex-

periments with Helmholtz' resonators, singing flames,

and especially the phonograph, lend interest to the

subject of sound ; a word about photography and

color are not out of place in the study of light ; there

are instructive experiments with powerful magnets,

such as stopping the oscillations of light metallic

bodies ; the study of frictional electricity is also a nat-

ural introduction to the subject of electrodynamics.

Several experiments, mentioned in Parts I. and II.,

are not intended to be followed as determinations.

Some of these are suitable for lecture illustrations

;

others can be performed (if it is thought desirable)

by students outside of their regular course of meas-

urements.'' The experiments described in ^ 80 and

1 It is a good idea to have the students themselves take part in so

far as practicable in such experiments. Notes should in all cases be

taken.

2 The growth of a desire on the part of students to perform ex-

periments on their own account is a certain proof of progress in their

past education and a promise of success in tlie future. Such a desire

should be encouraged in every possible way.
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^ 82 may, for instance, be performed by students.

If they are not, they should be shown in the lectures.

It is a good plan to dictate to the class or to write

on the blackboard exactly what observations they are

to make, and what calculations are to follow. Con-

siderable time can be saved at a small expense by

having these directions printed. The " hektograph
"

proGe.ss was used for more than a year at Harvard

College. Separate sheets were furnished to the stu-

dents at each exercise, and handed in at the end of

the exercise. The calculations were not made until

afterward. In the mean time the instructor had an

opportunity of examining the results of observation,

so that evident mistakes couhl be pointed out to the

students. It is important with large classes of stu-

dents to preserve in this way some record of tlieir

original observations (see footnote, page 947). The

student is, however, naturally anxious to know
whether his. results are satisfactory or not, and for

this reason he should be allowed to take away with

him a copy of his observations.

It is hardly necessary to allude to various pro-

cesses, such as impression paper and the ordinary

copying press, through which, if it is desired, the stu-

dent's observations may be duplicated, whether they

are made in ink or in pencil. It takes only a minute

or two to copy figures by hand, when a printed

form is already provided. This is perhaps on the

whole the most satisfactory way. The printed forms

should be cut and pierced so that they may be after-

ward bound together. All the observations made by
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a given student will of course be collected by him;

all the observations on a given experiment maj' be

bound together by the instructor. It i^ thus easy to

compare the results of different students, and to esti-

mate the relative merits of each.

The use of printed forms is a great assistance to

the instructor, for lie knows exactly where to look

for. a given observation, and he can see at a glance if

any of the necessary data have been omitted or mis-

understood. At the same time, there is reason to fear

that the students may fall into a mechanical way of

making observations, without thinking what they are

for. The student knows that he is expected to " fill

in those blanks," and this he can generally do even if

the reasons are not sufiBciently obvious. The same

objection applies to any system of instruction in

which the student receives minute directions for an

experiment ; for it can make no essential difference

,

whether these directions are dictated, copied, or

otherwise distributed.

To test the point in question, the aiithor has tried

the following experiment. Printed forms were given

to a large class of students at the end of each lecture

for several months. One daj', without previous no-

tice, the lecture was closed a few minutes before the

ordinary time, and each member of the class was re-

quested to make out a form covering the observations

necessary for tlie experiment which had been de-

scribed. The determination was one which depended

upon six or seven data, any one of which if missing

would prevent the calculation of the result. Three-
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fourths of the class presented essentially perfect forms

for observation, and in addition to this, the majoritj'

named three or four additional data which would be

useful in making exact corrections in the result.

It may be observed that the object of lectures is to

make clear to the student what his observations are

for, and what there is to learn from them. If there

be any doubt whether this object is fulfilled, the nat-

ural test is an examination. To ask a student to

plan out his observations is practically one form of

examination ; but it is one which as a general thing

seems to the author unwise, because a. single omis-

sion on the part of the student, unless pointed out

to him, may ruin the value of his subsequent deter-

minations.

Scientific men are frequently obliged to plan out

the complete details of a determination ; and it is,

thought desirable that students, when they have had.

a sufficient opportunity to see how such details are

arranged, should be required in certain experiments

to make their own plan for observations. At the

same time, the scientific man never fails to compare

his work, as far as he can, with that of others. It is

not at all infrequent for him to find that he has

omitted some important correction. The discovery,

of corrections by referring to the work of others does

not incapacitate him for finding them himself. On

the contrary, corrections suggest corrections. In the

same way, a series of experiments in which the details

are carefully and minutely planned should not inca-

paditate the student for making a similar arrange-.
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ment, but should, on the other hand, teaeh him how
such a result may be obtained.

The principal objection to printed forms generally

arises from indolent students, who see no escape from

making tlie required! number of observations. Though

unnecessary in small classes, the reasonable use of

printed forms is always desirable, and with a large

class, greatly diminishes the labor of instruction.

The student should be taught to consider an ex-

periment unfinished until the result has been calcu-

lated and handed in to his instructor. It will be

found convenient to use cards for this purpose. The
student writes his name and the name of the experi-

ment on one side of the card, on the other side in

large figures the numerical value of the result.

When all the cards have been received, they may be

attached in their proper place to a boaid bearing the

names of the students at the left, and references to

experiments' across- the top. It is thus easy to esti-

mate at a glance both the quantity and the quality of

the work performed in the laboratory.

It has been suggested (see § 30) that determina-

tions of the properties of substances the composition

of which is unknown to the student, furnish an ex-

cellent method of testing his work. Of course it will

not do to give the same substance to all the students.

Experiments in elementary physical measurement are

divided into two distinct kindfe. In one of these, the

student knows what result he ought to obtain, and

simply performs his experiment to test either his

own skill, or the accuracy of the instruments which,
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he employs. Experiments in " calibration " belong to

this class. The other kind of determination deals

with quantities of unknown magnitude, and should

be attempted by the student only when he has satis-

fied himself by previous experiments, that he is capa-

ble of obtaining accurate results. Theie is, perhaps,

no greater satisfaction in a course of measurement

than the discoveiy that quantities of absolutely un-

known magnitude have been correctly measured. In

estimating the value of a student's work, it is well to

consider only determinations of tliis kind.

One word of caution is, however, necessary. Most

of the materials given to the students are only com-

mercially pure, and hence yield results which may

differ indefinitely from those contained in ordinary

tables. It will not do, accordingly, to assume that

those results which agree most closely with these

tabulated values are the best. The average result

obtained by the most careful workers in a class is

a much better standard ; but here again caution

must be observed in tlie case of measurements where

errors tend always to increase or to diminish the

result. On account of air-bubbles, for instance, the

largest determinations of specific gravity are gen-

erally the best; judged, however, by the average of

a class, the best results would in this case be greatly

underrated. Tlie instructor may be obliged in cer-

tain cases to make determinations himself. It is gen-

erally possible, by the use of finer apparatus or

different methods, to obtain results sufiiciently accu-

rate to serve as a standard for the class.
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The truest estimate of the value of a student's

work, next to that furnished by a written examina-

tion, is perhaps obtained by personal inspection of

the student's manner of working, and by an examina-

tion of his note-book. A word or two about note-

books may not be out of place. The first and most

important thing is for the student to keep his obser-

vations and his calculations separate (see § 33). If,

as h^s been suggested, the observations are made on

printed forms, there is no danger of confusion in this

. respect. The calculations may be made on the hack

of the printed forms or on separate sheets of paper.

These calculations must in all cases be preserved.

The sheets on which they are made should be of the

same size and shape as those employed for observa-

tions, so that the data, calculations, and results may
be bound together.

If the observations are made in an ordinary note-

book, the student should follow Dr. Hall's sugges-

tions, namely, that the left-hand pages should be

devoted to observations, the right-hand pages to cal-

culations, &c,. It is a great mistake to use scraps of

waste paper for arithmetical work. It is frequently

necessary to review such work, and if the intermedi-

ate figures are wanting, a new calculation will be

involved. The figuring, moreover, often enables an

instructor to see at a glance just where a mistake was

made.

Entries should be kept in so far as possible in chro-

nological order. If mistakes are discovered later

on, these should be corrected in pencil or ink of a dif-
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ferent color from that used in the original records.

These original records are often found after all to be

accurate, and ought not in any case to be obliterated.

^

The use of erasers in a laboratory should be stiictly

prohibited.

A great aud not unusual fault in note-books is a

lack of sufficient fulness, ov I'ather minuteness. The

student writes, for instance, " Temperature before ex-

periment, 50°
;
" without giving any idea how long be-

fore the experiment the temperature was taken ; or

again, '• Length by vernier gauge, 4.01 cm.

;

"' without

stating by what vernier gauge. It would be a good

plan, two or three times in a course, to have the stu-

dents repeat some past experiment, making use of

their notes to find the same materials and instruments

that they previously employed, and to have them cal-

culate the results without reference to any text-book.

This furnishes the best test of the coinpleteness of a

student's notes.

There is a tendency on the part of some students

to make their notes full by repeating explanations

which are given in their text-books. This is not a

very serious error; but it should be pointed out that

note-books are intended for facts which a text-book

cannot anticipate, and too much theory makes it diiB-

cult to find these facts. A good note-book is charae-

1 " The tendency of the student to regard as unquestionably wrong

any observation which is not what he expected it to be, and to make

his observation tally with his expectation, is doubtless familiar to

most teachers, and it should be one of the important objects of this

experimental course to counteract this tendency."— Harvard List of

Eletwitarij Physical Experiments, page 7.
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tei-ized, not by fuluess of language, but by fulness

of detail.

The proceedings in an experiment should be con-

cisely stated. Observations should be arranged as

systematically as time will allow. The use of tabular

forms, both for observations and for results (see " Ex-

amples," Exps. 6-10), will be found in some cases of

great assistance. Calculations should be neatly made

but not crowded. Generous spaces should be left

between experiments, or different parts of a given

experiment ; and these should further be distin-

guished by prominent headings. An example of two

pages from a note-book, with the criticisms of a

teacher, is given below. A summary of results is a

useful addition to the description of an experiment.

Examples of such summaries will be found in the

next section (V.) of this Appendix.
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EXPERIMENT I.
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EXPERIMENT I.

CALCULATIONS.

Length in cm.

6.90

6.89
6.91

6.90
6.91

6.92

6.89

6.90

10) 08.99

Average 6.899

Breadth in cm.
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APPENDIX V.

EXAMPLES OP OBSERVATIONS AND CALCULATIONS IN

EXPEKIMENTS 1-100, PRESENTED IN THE FORM OF

A SUMMARY OF RESULTS.

In the examples below, observations are printed in

italics, and designated by capital leltters ; calculations

are designated by small letters, and printed in ordin-

ary type. The data are taken, in so far as possible,

from results actually reported by students in the

Jefferson Physical Laboratorj', without any change

whatever. Such data are marked with an asterisk

referring to the initials of the name of the student

by whom they were determined. Other results were

obtained by calculation. In some of these, round

numbers have been chosen with a view of simplify-

ing the arithmetical work ; but care "has been taken

in all cases to give results which either were or might

have been obtained with the apparatus described in

the course of experiments, and to represent correctly

the probable error of such results.

EXPERIMENT I.

A. Weight of wooden block 122.8 5'.

B. Length " " (mean of 10 obs.) . . 6.899 cm.

C. Breadth " " " . . 6.901 cm.

B. Tkickness " " " . . 4.300 cm.

e. Volume " {B X C X D) = 204.7 ni. cm.

/.Density " {A -i- e) ^= O.GOd
ff.
per cu. cm.
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EXPERIMENTS II.-IV.

Weights sinking Hydrometer. Temperatures of Water.

A.* 32.08 grams. 10°.7

B.* 31.91 " 20°.

a* 31.58 " 29°.

d. Allowance for temperature at 20° about 0.03
ff.

for 1°.

ly See Fig. 4, § 59.

Note. The hydrometer used above bore on the average

about 1.48 grams more weight than that for which Fig. 4,

§ 59 was constructed. An allowance of about 1.48 grams

must therefore be made in comparing results.

.E.* Distance between 2 rings on hydrometer stem . IS mm.

F.* Weight required to sink upper ring . . . 31.91 g'.

G.* Weight required to sink lower ring .... 31.88 g.

h. Sensitiveness of hydrometer

jU [E^{F- G)-] = 6 mm. per eg.

].* Weight sinking hydrometer in water at 20°.5 to

mark on stem with 12 steel balls in upper pan 1 .f>^ g.

j. Weight would have been at 20° (see d) . . 7. 605 g.

k. Apparent weight of balls in air (S— ./) = 24.805 ^r.

L* Weight sinking hydrometer in water at 20°.

a

with halls in lower pan 10.713 5'.

m. Weight would have been at 20* (see d) . 10.728 g.

n. Weight of balls in water (S— m) =^ . . 21.182^.

0. Weight of water displaced {.k— «= m—j) = 3 . 1 23 ^.

p. Apparent specific gravity of balls

(k -T- 0) = 7.78 g. per cu. cm.

*S. L. B. Oct. 14, 1887.

EXPERIMENT V.

A. Height of barometric column 75.90 cm.

B. Vertical height of barometric colurnn when

inclined so as to halve free space, about . 75.7 cm.
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c. Air pressure above mercury about {A— B) = 0.2 cm.

d. Height of barometer corrected for air- {A-\-c):= 76.1 cm.

E. Internal diameter of barometer about .... 0.5 cm.

f. Temperature of the air of the room .... 20° C.

g. Correction for barometer with glass scale

at 20° and 76 cm. (Table 18 a) =
— 0.245 — 0.016 = —0.26 cm.

h. Correction for capillarity, diam. 0.5 cm.

;

height of meniscus unknown (Table 18 6) -j- 0.15 cm.

i. Correction for mercurial vapor at 20°

(Table 18 c) -|- 0.00 cm.

j. Corrected height of barometer

{d + 9*+ h -\- i) = 76.0 cm.

K. Reading of Aneroid barometer .... 30.00 inches.

I. The same reduced to cm. (Table 16) . . . 76.2 cm.

m. Correction of Aneroid barometer {I —f) = — 0.2(?) cm..

N. Moisture appears on cup {mean of 3 obs.) at . -|- 4° C.

0. Moisture disappears « » , _j_ 6° Q.

p. Dew^poin-t i (N-\- 0) + 5° C.

Q. Dew-point indicated by hygrodeik . . . . -|- 50° F.

r. The same reduced to Centigrade (Table 39) + 10° C,

s. Correction for hygrodeik at -(- 10° C. ( />— r)^— 5° C

t. Density of dry air at 20° and 76 cm.

(Table 19) 0.001204 j'. per cm. cm.

M. Correction for raoiatiire, dew-

point + 5° (Table 20) — 0.000004 g. per cu. cm.

V. Atmospheric density (t -j- u*) = 0.001200 g. per cu. cm.

W. Density of the air indicated

by Barodeik 0.00118 «

X. Correction for the Barodeik

(« — PT) = + 0.00002 "

* The corrections g and u being negative, are to be added alge-

braically, but subtracted numerically.
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EXPERIMENT VI.

Note. Single weights are underlined in this table.
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EXPERIMENTS VIII.-X.

Obsekvations. Calcula-
tions.

A. Contents of left-

hand path.
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d. Apparent weight of ball alone in water

(i— c)= 61.626 ^ram«.

e. Apparent weight of water displaced

(a— rf) = 41.306 "

/. Apparent specific volume of water (Table 22)

at 18°. 4 (see E) in air of density .00120

(see G) = 1.00247 CM. c;w./>e;' ^.

g. Volume of the ball at 18°.4 (e X /) = 41.408 cm. cm.

h. Weight of air displaced l.y ball

(^ X G) = 0.050 grams,

i. Weight of air (Table 20, A) of the density .00120

(see G) displaced by 1 gram of brass 0.000143 "

J. Weight of air displaced by brass weights

(aX0=0-015 «

k. Correction for the buoyancy of air

{h—j) = 0.035 "

^ I

True weight of ball in vacuo (a+ /(;) = 102.967

( The same by Table 2
1

, assuming den-

sity of crown glass, 2.5 (Table 10), y grams.

ofair, .00120 (see G) ;

1.00034 X 102.932 (see a) = 102.967 J

m. Density of the ball (I -h g) = 2.487 g. per cu. cm.

n. Apparent weight of ball with wire in alcohol

^ (Dg + D,) = 69.005 grams.

0. Apparent weight of wire in alcohol (Dg) = 0.190 "

p. Apparent weight of ball alone in alcohol

{n— o)— 68.815 "

q. Apparent weight of alcohol displaced

(„_ jo)
— 34.117 «

r. Apparent specific gravity of the alcohol

(9 -T- e)= 0.826 g. per cu. cm.

s. True weight of the ball in alcohol

(jB

—

pi) =^ 68.805 grams.
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/ True we'ght (in vacuo) of alcohol dis-
]

i. \ placed (/— «)=: 34.162
j

CThe same by Table 21, fur .826 (see > grams,

r) and .0012 (see G)
;

1.00132 Xy= 1-00132 X 34.117= 34.162.

u. Expansion of glass ball between 18°.4 (see E) and

20°0. (see F), assuming cubical coefficient

0.000023 (Table 10) ; 0.000023 X (F — E)

Xg= 0.000023 X 1 -6 X 41.408= 0.0015 cm. cm.

V. Volume of glass ball at 20°.0 {g-^u)= 41.410 "

w. Denaity of the alcohol at 20°.0

(<-=-«)= 0.8250 g. per cu. cm.

EXPERIMENTS XI.-XIV.

OBSERVATIONS.

A. Density of air bt/ Barodeik 0.00120

B. *Weight of Specific Gravity Bottle with air 118-37 g7-ams.

G. * Weight of Sp. Gr. Bottle JiUed with water 178.76 "

D. * Temperature of the water . , 22°. C.

E. * Weight of Sp. Gr. Bottle partlyfiled with

sand 198.10 grams.

F. * The same with spaces filled with water . 225.29 "

G. * Temperature of the water 23°. 1 C.

H. Weight of Sp. Gr. Bottle partly filled with

sulphate of copper 185.84 grams.

1. The same with spaces filled with alcohol . 211.09 "

J. Temperature of the alcohol 18°.00 C.

K. Weight &f Sp. Gr. Bottle filled with

alcohol {only) ; 168.31 grams.

L. Temperature of the alcohol 20°. C.
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CAiCUl-ATIONS.

a. Apparent weight of water flliiug Sp. Gr. Bottle

(0—£)= (ia.39 fframs

h. Apparent specific volume of water by Table 22

at 22° (see Z>) aud .00120 (see A) . 1.00322 cu. cm.

c. Capacity of Sp. Gr. Bottle at 22°

(6 X «) ==.60.58 cu. cm.

d. Apparent weight of saud (^

—

B) ^ . . 79.73 grams.

e. Weight of sand in vacuo by Table 21,

assuming densities 2.2 (Oxide of Silicon,

Table 9 a), and .00120 (see A),

1.00041 X d= 1.00041 X 79.73= 79.76 «

/. Apparent weight of water filling spaces

(i''—^)= 27.19 "

g. Apparent specific volume of water by Table 22

at 23°.l (see G), and .00120 (see A) . . 1.00346

h. Volume of the water filling spaces

(/ X ff)
= 27.28 cu. cm.

J. Volume of the sand (c— A)= . . . . 33..30 " "

j. Density of the sand (e— i)^ . . 2.395 cf. per cu. cm.

*F. W. B., Oct. 1887.

h. Apparent specific gravity of alcohol from Experi-

ment 10 (see Examples 8, 9, and 10, r)

0.826 g. per cu. cm.

1. Apparent specific volume (
1 -f- ^)^ 1.211 " "

m. Apparent weight of alcohol filling spaces

(/— H) = 25.25 grams,

n. Volume of this alcohol (^ X »*) = • • 30.58 cu. cm.

0. Volume of sulphate of copper (r.— «)= 80.00 " "

p. Apparent weight of sulphate of copper

{H— B) — 67.47 grams.
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q. The same reduced to vacuo (Table 21), assuming

densities 2.3 (Table 9 a) and .00120 (see A),

1.00039 X p = 1.00039 X 67.47 = 67.50 grams.

r. Density of the sulphate of copper

(17 -^ o) = 2.25 g. per cu. cm.

s. Apparent wtight of alcohol filling Sp. Gr. Hottle

{K—B)=. 49.94 ^mms.

t. Weight of air (Table 20 A) of the density .00120

(see^) displaced by 1 g. of brass . 0.000143 «

u. Effective weight of the alcohol (s— «<):=: 49.93 '

V. Weight of air filling Sp. Gr. Bottle

{AXc) — 0.07 "

w. Weight of alcohol in vacuo (h-j-j;)= . 50.00 "

X. Difference between capacities of Sp. Gr. Bottle at

22° (ste D) and 20° (see L), assuming cubical

coefficient of expansion .000023 (Table 10),

0.000023 X (^ — -Z^) X c =
0.000023 X 2 X 60.58 = 0.003 cu. cm.

y. Capacity of the Sp. Gr. Bottle wt 20°

(c.— a;) = 60 58 "

2. Density of alcohol at 20° (w -=- ^) = 0.8254 g. per cu. cm.

Compare value of x, Examples 8-10 = 0.8250

Note. The strength of the alcohol corresponding to these

densities (see Table 27) varies from 87.2 to 87.4 c^.



Exp. 15.] OBSERVATIONS AND CALCULATIONS. 961

EXPERIMENT XV.

densimeter.

1.000

0.831

1.250

0.814

E. * Saturated salt solution. 21° 1.204

F. * Solution of bichromate of

sodium. 20° 1.470

OBSEKVATIONS.
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EXPERIMENT XVI.

iriRST METHOD.

A. Height of mercurial column 5.00 cm.

B. Height of the column of water -68.10 "

O. TiBmperature of the air 20° C.

d. Difference between the lengths <of the columns

of water and mercury (B— -4)^ . .. . 63.10 cm.

e. Density of air (Tables 19, 25) about ... .0012

f. Equivalent of inequality of air pressure in

centimetres of water (rf X «)= • • • • 0.08 cm.

g. Corrected length of the column of water

(B—f)= 68.02 COT.

h. Specific gravity of mercury at ,20° (g -h A) :^ 13.60

i. Density of water at .20° (Table 25) .... 0.99828

J. Density of mercury at 20° (A X *) • • • 13.58

SECOND MKTHOD.

K. Height of column ofglycerine 8Q.0 cm.

L. Height of column of water 100.0 cm.

M. Temperature of the air 20° C.

n. Difference in Length of columns {L— K.)= 20.0 cm.

o. Inequality of air pressure in cm. of water

(n X e)= 0.0 cw.

p. Corrected length of column of water

(L—o)= 100.0 cm.

q. Specific gravity of glycerine at 20°

(p-^K) = . . ; 1.'250

r. Density of water at 20° (Table '25) . . . . 0.99828

s. Density of glycerine at 20° (9 X »") = • • • 1-248
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EXPERIMENTS XVII.-XVIII.

A. Weight of Flash with coal-gas t mean of \ 200.500 g.

B. Weight of Flask with air \ 5 double ( 201.200 g.

C. Weight ofFlask after exhaustion ( weighings. ) 200.600 <;,

J). Weight of Flask after admitting watef . . 700.0 g.

E. Weight of Flask completely filled with water 1200.0 g

F. Temperature of the water 20° C,

G. Barometric pressure 75.0 cm

h. Apparent weight of water required to

fill fla.«k (^ — 5) = 1000.0 ^rams.

i. Apparent weight of water equivalent in

bulk to the air exhausted {D — ^) = 500.0 "

j. Degree of exhaustion (j h- A) = . . . . 50^.
k. Weight of air exhausted {B— C)= . 0.600 grams.

I f Specific gravity of this air (^ -=- i) . . ( 0.00120
|

M. ( Density of air according to Baro,deik=: ( 0.00120 J

n. Specifi,c volume of water (Table 22^ at 20°

(see F) and .00120 (see 6)== 1.00279 cu. cm. per g.

o. Capacity of the flask at 20° (A X») = 1,000.3 cu. cm.

p. Difference in weight between 1,000.3 cu. cm. of

air and of coal-gas . . {B-^ JV)-=.Q.70Q grams,

q. Difference of density (jo -f- o) = 0.000700 g. per cu. cm.

r. Density of the coal-gas at 20° (see F) and 75 cm.

,(see G) = (M—q)= . . 0.000500 g. per cu. cm.

s. Factor for reducing density from 20° to 0°

(Table 18 e) 1.0734

t. Factor for reducing density from 75 cm.

to 76 COT. (Table 18 <^) 1.0133

M. Density of coal-gas at 0° and 76 cm.

» X * X t =^0.0005 i g. per cu. cm.
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EXPERIMENT XIX.

I. * Readings of Vernier Gauge set

on glass ball of Exps. 8-10.

1.
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EXPERIMENTS XX., XXI.

READINGS OF SPHEKOMETER.

A.
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EXPERIMENT XXII.

Observations.

A. Temperature of brass rod surrounded hy water 20°.

1

B. Length of the rod at about iQ° 1000. mm.

C. Reading of the micrometer 9.121 mm.

D. Reading of the kiicrometer after the

admission of steam 10.643 mm.

E. Reading of the baroriieter 30.0 inches.

Calculations.

/. Reading of barometer, 30.0 inches

(see .£^), reduced to cm. (Table 16) i . . 76.2 cm.

g. Temperature of steam at this presi ure (Table 14) 100°.07

h. Increase of temperature (g— A)=z . . . . 80°.0

i. Expansion of rod (D— 0) = 1.522 mm.

y. Expansion for 1° (j -4- A)= 0.01903 mw.

k. Expansion for 1° and for 1 mm. (J -j- JB) =
0;00001903 mm.

I. Mean coefficient of linear expansion of brass rod

between 20° arid 100° iti terms of its length,

at 20° • . . . 1= 0.0000190 +
Note. It is assumed in these calculations that the pitch

of the micrometer screw is 1.000 mm. per revolution. See,

however, Example 19, II., in which the pitch of a similar

screw is determined.

EXPERIMENT XXIII.

Observations.

A. Outside diameter of the tubes (mean xf 4 settings on

horizontal bends) 1.00 cm.

B. Difference of level in water-gauge due to admission

of steam to left-handjacht 4.03 cm.
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C. Distance between the bends of left-hand tube when

expanded by steam 99.05 cm.

D. Temperature of the water in rigid-hand jacket

(mean of3 obs. with self-registering thermometer)l8°.2 C.

jE Difference of leoel in water-gauge due to admission

of steam to right-handjacket 3.98 cm.

I''. Distance between bends of right-hand tube when

expanded by steam 98.95 cm.

G. Temperature of the water in left-handjacket (mean

of 3 obs. with self-registering thermometer') 20°.6 C.

H. Barometric pressure 29.3 inches.

Calculations.

i. Barometric pressure (J?) reduced to cm.

(Table 16) 74.4 cm.

j. Temperature of steam condensing at this

pressure (i), see Table 16 99°. 41 C.

k. Mean temperature of cold water, ^ (-0-f- G)= 19°.4 C.

/. DifiFerence of temperature (_/
— ^) = . . 80°,0 C.

m. Mean length of tubes between bends,

^ {G -\-F)= 99.00 m.
n. Mean length of column of hot water

(>«+ ^) = 100.00 cm.

o. Mean difference of level in gauge, ^ (]B-\-E) .:= 4.005 cm.

p. Mean length of column of cold water balancing

the column of hot water (n — o)= . . 95.995 cm.

q. Relative specific volume of water at 99°, 4 (seey)

and at 19°.4 (see k),

(n -=-;>) = 100.00 -;- 95.995 = . . . 1.0417

;•. Increase of specific volume per degree

,

(g_l) H- ;= .0417 -H 80.0= . . . 0.000521

Note. The last result (r) represents the mean cubical

coeflScient of expansion of water between 19°.4 and 99°. 4, in

terms of its volume at 19°.4.
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EXPERIMENT XXIV.

Obseevations.

A.* Weight of Specific Gravity Bottle with air

126.565 grams.

B* Weight of Sp. Gr. Bottle with water . 182.657 "

G* Temperature of the water 21° C.

B* Weight of Sp. Gr. Bottle with alcohol^ ( 172.49 grams.

K* Temperature of the alcohol in B . ) 1 16°7 C.

F.* Weight of Sp. Gr. Bottle with alcohol) ( 171.42 ^'ram*.

G.* Temperature of the alcohol in F . ) I 39°.2 C.

B.* Weight of Sp. Gr. Bottle with alcohol\ ( 170.43 grams.

I.* Temperature of the alcohol in H . i ( 59°.2 C.

J.* Weight of Sp. Gr. Bottle with alcohol} ( 169.44 grams.

K.* Temperaiure of the alcohol in J . ) (. 76°.3 C.

Calculations.

a. Apparent weight of water filling

Sp. Gr. Bottle (B—A) = . . . 56.092 grams,

h. Apparent specific volume of water

(Table 22) at 21° (see 0), assuming

the (mean) density of air .00120

1.00300 CM. cm. per g.

c. Capacity of Sp. Gr. Bottle at 21°

QXrn) = 56.260 cm. cm.

d. Coeflicient of cubical expansion of

glass (Table 10)

Capacity of Sp. Gr. Bottle.

e. at 16°.7 (see E) c— cd{0—E) =
f. at39°.2 (see G) c-\- cd {G— C) =
g.. at 59°.2 (see I) c-\-cd (T—G) = .

h. at 76°.3 (see K) c -]- cd (K— G) =

0.000023
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Apparent weights of alcohol filling Sp. Gr. Bottle,

i. atl6°.7 (see^), (Z)— J)= . . . . 4:5.93 grams,

j. SLt3d°.2 (see G), (F—A)= . . . .44.86 "

L at 59°.2 (see / ), (B— A) = .... 43.87 "

I. at 76°.3 (see K), (J— A) = .... 42.88 «

Apparent specific volumes of alcohol.

m. at 16°.7 (see H), (e -h i) = . . 1.2248 cm, cm. per g.

w. at39°.2 (see (?), (/-Hy)= . . 1.2547 "

o. at 59°.2 (see /), (^ -J- A) = . . 1.2835 " "

p. at 760.3 (see K), (k -i- 1) = . . 1.3137 « «

q. at 0°, INFERRED

(in— (p— m)-i-{ir—£I)xF) = l.200 " "

Mean coefficient of expansion in terms of the volume at 0°.

r. from 16°.7to39°.2, (h— to) -^ 9 -^ (G— ^) = .0011

1

s. from 39°.2 to 59°.2, (o — n) -^ q -i- (I— G) = .00120

t. from 59°.2 to 76°.3, (p— o) -i- q ^ (K— I) = .00147

* G., Feb. 18, 1886.

EXPERIMENT XXV.

A.* Reading of the thermometer in melting snow — 0°.l C.

b.* Correction of thermometer at 0° (— A)^ + 0°.l C.

C.* Reading of barometer (reduced to cm.)- . . 76.535 cm.

d.* Corresponding temperature of steam

(Table 14) 100°. 19 C.

E.* Reading of the thermometer in steam . . . 100°.3 C.

f.* Correction for thermometer at 100°

(d— E)z= . — 0°.l C.

G.* 50-degree column reachesfrom 0° up to . . 50°.4 C.

h.* The same would have reached from the freezing

point, —0°.l (see .4) up to 50°.3 C.

I.* The same reachesfrom 100° down to . , . 51°.3 C.

y.* The same would have reached from the normal

boiling point, 100°.l (see/) down to . 51°.4 C.

25
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L* Middle-point of thermometer, ^ (k -^-j) = 50°.85 C.

/.* Correction of thermometer at 50

(50°— A) = .
—0°.85C.

M.* 25'degree column reaches from 0" vp to . . 24°.8 C.

n* The same would have reached from the freezing-

point, — 0°.l (see^) up to 24°.7 C.

0.* The same reaches from 50° down to . . . 25°.3 C.

p.* The same would have reached from the middle-

point, 50°.85 (see h) down to ... . 26M5 C.

Q,* The same reaches from 50° up to . . . .
74°. 2 C.

r'.* The same would have reached from the middle-

point, 50°.85 (see i) up to 75°.05 C.

S.* The same reaches from 100° down to . . . 76°.2 C.

t.* The same would have reached from the normal

boiling-point, 100°.l (see/) down to .' 76°.3 C.

M.* First quarter-point of thermometer,

^{n-[.p)= 25°.42 C.

v.* Correction for the thermometer at 25°

(25 — w) = — 0°.42 C.

w* Last quarter-point of thermometer,

i{r-\-t) = 75°.G7 C.

a;.* Correction for thermometer at 75°,

(75— w) = — 0°.67 C.

Note made by student. "Notice how far oflP the

higher readings ai-e. I repeated the measurements several

times to assure myself there was no mistake."

* C. A. E., Feb. 18, 1886.
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iSXPERlMEST XXVi.

Calibration op Aib Tjeiekmometek.
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in the last two results (m and n). In view of such an error,

the determination of temperature (I) must be considered as a

means of confirming rather than correcting the reading of

the mercurial thermometer (//).

EXPERIMENT XXVII.

Observations.

A. Reading of air thermometei- in melting snow 273° C.

B. Height of mercurial column in barometer . . 75.60 cm.

C. Height of mercurial column in manometer necessary

to make air thermometer read 273° in steam 28.00 cm.

D. The same in water 7.00 cm.

E. Reading of mercurial thermometer in the water 20°.0 C.

Calculations.

/. Temperature of steam (Table 14)

at 75.60 COT. (see 5) 99°.85 C.

g. Temperature of the water (1st formula, '^ 76),

fXD^ (7= 99°.85 X 7.00 -=- 28.00 = 24°.96 C.

h. Absolute zero of temperature (2d formula, 1[ 76),

—fXB^G=
— 99°.85 X 75.60 -f- 28.00 = . . — 269°.6[

i. The same (accepted value) — 273° >

j. Error of the determination (h— i) -f- A= !%.-(-

k. Coefficient of increase of pressure of confined air

(3d formula, 1[ 76),

C-^B-^f= 28.00 -r- 75.60 -4- 99.85 = .00371 ) .

I. The same (accepted value) 00367 )

m. Error of the determination (k— Z)-f-A=. 1%-t-
n. Correction for the mercurial thermometer at 20°

{g— E)= +5°.0C.
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Note. In view of the comparatively close agreement

(witliin 2 %) of the results in h and in k with accepted values,

it may be assumed that the determination of temperature in

g is accurate within a few tenths of a degree; hence the large

correction (-|- 5°.0) in n is justified. Since, however, so

large a correction is improbable, the thermometer in question

should be compared with one already calibrated (Exp. 25).

Such a comparison might possibly show that Reaumur's (not

the Centigrade) sca^e was employed. This would account for

the results of observation.

The data in the example are sufficiently accurate to serve

as a rough check (§ 45) upon the results of calibration (Exp.

25) ; but not as a means of correcting fcuch results.

EXPERIMENT XXVIII.

A, Reading of mercurial barometer . 75.2 cm.

B. Readings of
Mercy/rial Ma-n-
ometer.
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G. Temperatwres of
boiling ether.



Exp. 30.] OBSERVATIONS AND CALCULATIONS. 975

g. Volume of (nearly) dry air in the flask at 0° and

76 em. (see A), {E— U), nearly^ . 90.0 cm. cm.

h. Degree of exhaustion produced by cooling to 0°

(5'-/)= 75.0%
i: Pressure of the ^(nearly) dry air at 0° (h X A) = bl.Qcm

.

j. The same at 50° (see B)

i X '(273 -\-B) -^ 273= » X 323 h- 273= 67.4 cm.

k. Additional pressure of aqueous vapor at 50°

(see^), (i—y)= 8.6 cm.

I. 1 cm. mercury (Table 49 b) m megadynes per

sq. cm. = 0.0133

(k cm. of mercury (M) :=.... 0.114

( Difl'erence between the pressure of

aqueous vapor at 50° and at 0° by

Table 13, . 0.117 J

m megadynes

per

sq. cm.

EXPERIMENT XXX.

[Mean of two or more observations.]

A: Barometric pressure .[76.00 cm.'\

B.* Paraffine melts at 54°-58°

C.* Alcohol boils at /9°.2

D.* Chloroform boHs at 60 .6

E.* Bisulphide of carbon hails at 47.1

F.* Ether boils at 35°.3

* S. I.. B., Nov. 1887.



976 APPENDIX V. [Exp. 31.

EXPERIMENT XXXL

A. Weight of empty calorimeter {inner cup only) 100.0 grams.

B. The same nearly JiUed with water . . . 180.0 "

c. Weight of water in calorimeter (B— <4) = 80.0 "

D. Time required to cool (\) from 80° to 70° 10 min. sec.

(2) " 70° " 60° 12 " "

(3) " 60° " 50° 17 " «

Total (4) " 80° " 50° 39 " "

E. Weight of calorimeter with a little water . 1 20.0 grams,

f. Weight of the water (E—A)^. . . 20.0 "

G. Time required when shaken

to cool (1 ) frorn 80° to 70° 3 min. 20 sec.

(2) " 70° " 60° 4 " "

(3) " 60° " 50° 5 " 40 "

Total (4) " 80° " 50° 13 " "

H. Time required without shaking

to cool (l) from 80° to 70°

(2) « 70° " 60°

(3) " 60° " 50° 8

Total (4) « 80° " 50° 19

/. Weight of calorimeter with turpentine . . .

j. Weight of turpentine (/— -4) = . . .

K. Time required to cool {X) from 80° to 70°

(2) " 70° " 60°

(3) " 60° " 50° 8

Total (4) " 80° " 50° 19

L. Temperature of the room

m. Difference between the weights in c and in/ 60.0 grams,

n. Corresponding difference in total time of cooling

(A— <^4)= 2&.0 minutes

o. Total time of cooling with 20 grams (G^)= 13.0 "

mm
6 "

see.

"

30 "

30 «

] 75 grams.

75 "

5 min. sec.

6 " "

8 " 30 "

30 "

25°.0 C.
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p. Corresponding thermal capacity-

Cm X o -e- n) := 30.0

q. Thermal capacity of calorimeter alone

(p—f)= 10.0

r. Thermal capacity of calorimeter with

turpentine (»w X A'^ -J- n) := 45.0

«. Thermal capacity of turpentine alone'

(r—q)=... 35.0

t. Specific heat of the turpentine (« -h/) =- . . . 0.4

Mean temperature ^vithin

calorimeter.



97lB APPENDIX Y^ [Bxp. 32.

/. Eate of cooling per minute

(C5— C'j)-^ (A—A)= ' • • 0°,3 joer mm.

g. Temperature reduced to time of pouring

(/X(i>3-A)+C3= .... 38°.0C.

h. Rise of temperature of calorimeter (^— j6) := g^O'.O C.

i. Fall of temperature of the w.ater ^Q ^5") = 2°.6 C.

j. Weight of water (JJ— J.) s;= , . . , , ^QJi grams,

h. Units of heat given out (i X y) ^ . . , ^P8 units.

I. Thermal capacity of Qaloripa^ter (A h- 4) =s 10.4

Second Methop.

M. Temperaturp of cold water ^ 10°.0 C.

N. Temperature of shot in calorimeter just before sub-

stitution of. cold water 83°0 C.

0. Resulting temperature ....... 1.8°.0 '0.

P. W-e.iq.ht of calorimeter with water .... 150.0 grams.

9. Weight of water (P— ^)= 80.0 "«

r. Rise of temperature of water (0— i!/) = 8°.0 C.

s. Units of heat absorhed by water (9 X »") = 640

t. Fall of temperature of calorimeter {N— 0) = 65°. C.

u. Thermal capacity of calorimeter (s -i- 1')=. . 9,9

Third Method.

V. Vdume of water displacsd by thermometer when

immersed to the ordinqry depth , . . . O.S cii. cm.

W. Weight of :{hjms) stirrer . , . . . , . 2.0 grams.

X. Thermd capacity of inner cup (hiia^s) and stirrer

(1st footnote, page 161), 0.094 X (^ + W) = 9.6

y. Thermal capacity, of the thermometer (2d footnote,

page 161),0.46X ^= 0.4

Z, Total ifchermal capacity (j;^-y) == . . . ]0.;0
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BXPJjrjIMEXT XXXIIJ.

Determination of the Specific Heat of Lead Shot

(IT 94, I.).

[A.] [ Weight of calorimeter with packing,

Sfc, nearly filled with lead shot'] . [797.47 grams].

B.* The same without lead shot .... 357r44 grams

C* Weight of bottle with ice and water

before iising 501,02 "

D.* Indication of the thermometer in the ice-water -\- 0°.7 C.

M.* Temperature of air in calorimeter . . 23'°.o C.

F.* Temperature of s'ot in heater .... 98°. C.

G.* Temperature of mixture 22°.7 C.

H.* Weight of calorimeter tcith mixture . . 846.17 gf?"a»is.

I.* Weight of bottle with ice and water after using

452.32 "

. { Weight of water used (C— 7) = . 48.70] „
^'

t The same (^— ^) = 48.70)

J J
Weight of lead ;8hpl; (4 — =S) = . 440.03 ) „

t The same (H— B) — {G—I)z= 440.03 i

l* Change of temperature in water {G~D)= 22°.0 C.

m* No. of units of heat absorbed by water (j X ?) = 107i-|-

M.* Change of temperature in lead shot {F-— G) = 75°.3 C.

o. Thermal capa:city of shot (ni -h n) = . . . 14.22

p.* Specific heat of the lead shot (o -=- i) = . . 0.0323 +
*J.f:.W., Feb., 1886,

Note. The inner cup of the calorimeter employed in this

jjptermination weighed, about 44 grams, an^ had accordingly

a thermal capacity equal to about 4 grams of water. Since

ks temperature fell from 2^°.5 to 22°. 7, that is 0°.8 C, a de-

duction of 0.8 X 4-:^ 3 -)- units should strictly be made from
the number of heat units, J071 ^ (gee m), apparently given

, out by the shot. This would make the specific heat (in p)
0.0320 instead of 0.0323.
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EXPERIMENT XXXIV.

First Method.

A.* Temperature of the room .

B.* Weight of bottle with kerosene-

.

C* Weight of bottle with water

D'.* Temperature of kerosene .

E.* Temperature of water . .

F.* Temperature of mixture

Weight of bottle with water remaining

Weight of bottle with kerosene remaining

Specific heat of kerosene referred to water, cal-

culated as in tlie last example,

(C— G) X (E— F) -^ (B— H) ~ (^F— D) =
0.47 +

* F. S. D., Feb., 1886.

G*
H*

24°.3 C.
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Note. For a fuller statement of the calculations, see last

example. On account of the agi'cement of the temperatuie

of the mixture with that of the room, no allowance for the

thermal capacity of the calorimeter is to be made.

EXPERIMENT XXXV.

/. PreUininary observations.

A. 10 grams water at 20° with

10 grams alcohol at 20°

gu-es mixture at . . 28° C.

B. The same with water at

10° C 21° C.

c. Temperature of water (es-

timated) which would

give mixture at 20°,

about «°C.

D. Weight qfglass beaker used

as inner cup of calorimeter

30.00 g.

E. The same with {about) 50

grams of alcohol . 80.00 g.

F. Temperature of the same 20°.0 C.

G. Temperature of cold water

just before pouring, risen

to 8°.0 C.

H. Temperature of mixture 20°.0 C.

/. Weight of the same in calo-

rimeter .... l.SO.OO 9.

J. Weight of alcohol

{E—D]= . . 50 00 9.

h. Weight of water

(I— E)= . . . 50.00(7.

I. Change of temperature In

water (F— 6')= 12=0 0.

m. No. of units of heat given

out (kxl)= . . 600

n. Latent heat of mixture per

gram of alcohol

(ra-fi)= . . . 12.0

' II. Preliminary observations.

A. 10 grams water at 20° loilk

Igram nitrate ofammonium

at 20° gives mixture at 14° C.

B. The same with water at SOC
23° C.

u. Temperature of water (es-

timated) which would

give mixture at 20° 27° C.

D. Weight ofglass beaker used

as inner cup 0/ calorimeter

30.00 ,(/.

E. The same with {about) 10

grams of mtrate of am-

monium .... 40.00 g.

F. Temperature of the same 20°.0 C.

G. Temperature of wafer just

before pouring, fallen to

27°.0 C.

H. Temperature qf mixture 20°.0 C.

/. Weight of the same in calo-

rimeter .... 140.00 g.

j. Weight of nitrate of am-

monium {E—D)= 10.00 g.

k. Weight of water

[I—E)=. . . 100 00 9.

/. Change of temperature in

water («—F)^ 7°.0 C.

m. No. of units of heat ab-

sorbed {kXl)= 700

n. Latent heat of solution

per gram of nitrate of

ammonium m-i-; = 70
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EXPERIMENT XXXVI.

Obsei^vatioiSS.

A. Weight of empty calorimeter {i7iner cup) . 77.00 grams.

B. Weight of cotton waste with ice .... 100 00 "

G. Temperatures of water in calorimeter . . D. Times.

1. 41°.0 C. 20 mill. sec,

2. 40°.5 C. 21 " «

3. [Icetransfei'l-edtocdtorimeter.] 22 " "

4. 1S".4 C. 23 " "

5. 10°.0 C. 24 " "

6. 10°.0 a 25 " "

& Temperaiure of the room 23° C.

F. Weight of cotton iiaste &0.00 grams.

G. Weight of calorimeter with mixititg . . 229.20 "

Calculations.

/i. Wfight of icefused (5— i'')= . . . 4.0.00 ffrtimt

i. Weight of water used {G— A-h)= . i 12.20 "

j. Thermal capacity of (bi-ass) cup (,094 A) =2 7.2

k. Add for thermometer and stirrer (see Examp. 3) 0.6

/. Total thermal capacity of ealoi'imeter (J -^ k) =^ 7.8

m. Thermal capacity of calorimeter with water

{i-\-l)= 120.0

n. Temperature of water reduced to time (iJj) of

mixing, £7j— (a,— (7^)= .... 40^00.

0. Temperature of mixture, f^ =; CX^ . . 10°.6 C
p. Change of temperature of water {n— 0) =: 30°.0 C.

q. Heat units absorbed (m X p) =• . . . 3600

r. Heat units absorbed by 1 gram of ice {q -^ h) ^ 90.0

s. Heat units absorbed in raising 1 gram of melted

ice to the temperature of tlie mixture, 0= 10.0

i. Heat required to melt 1 grata of ice (r— s) = 80.0
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EXPERIMENT XXXVII,

Obsekvations.-

A.* Weight of brass calorimeter {inner cup) 76,974 grains.

B.* Weight of calorimeter, tfierinometer,

and sii/rrer 99.850 "

a* The same with watsr 223.670 «

D.* Temperalures of the water at intervals of 1 minute:

Before admitting' During admission of After admission of

steam. steam. steam.

1. 8° .4 . 4. 20°. 6. 27°.7

2. 8°.5 5. 27°.8 7. 27° 2

3. 8°.6 8. 27°

9. 27°.0

E. \Oeerflowfrom trap] [»20m«]

F. \_Temperature of the room} .... [18°?]

O.* Weight of calorimeter with leater and condensed

steam 2.27.710 grams.

H.* Barometric pressure 74.96 c»!.

Calculations.

i. Temperature of steam at pressure in H
(Table 14) 99°-6 C.

_;. Rate of increase of temperature before

admission of steam ^ {D^— B,) — . 0°.l per min-

L Rate of cooling after admission of steam

HA-A)= «°-i "

L Temperature of water calculated forward to the

time of 4th observation (Z>j -\-j) =: . . . 8°.7 C.

m. The same ealculHted backward (Bj-\-3k)= .
27°.5 C.

n. Rise of temperature (»i— = 18°.8 C.

0. Thermal capacity of calorimeter (see Examp. 36, 1) 7.67
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p. Weight of water in calorimeter ( C

—

B)^ . 123.82

q. Total thermal capacity (o -|- p) = . . . • 131.49

r. Units of heat given out (?i X ?) == • • • • 2472

s. Weight of steam condensed {G— C') = 4.040 grams,

t. Units of heat per gram of steam (r -i- s) = 611.9

M. Units of heat given out by 1 gram of condensed

steam in cooling to the teinperature of the mix-

ture (i— m.):= 72.1

V. Heat given out in the condensation of 1 gram of

steam (<—u)= 540

* M. B., Feb. 1886.

EXPERIMENT XXXVIII.

A.* Weight of zinc filings 1.00 gram.

B.* Weight of glass calorimeter 23.92 "

C* Weight of battery solution .... 96.[00] "

D.* Temperature of battery solution . . . 19°.5 C.

E.* Time occupied by chemical action- ... 7 minutes.

F:* Resulting temperature (maximum) . . , 43°.[0] C.

G.* Temperature 1.5 minutes later .... 42°.[0] C.

h. Correction for cooling \EX {F— <?) -f- 1.5= 2°.3 C.

i. Corrected temperature due to chemical action

(F-\-h)= 45°.3 C.

j. Specific heat of battery solution t 0.60

k. Thermal capacity of the solution (Cxf)^= 57.6

I. Thermal capacity of glass calorimeter (0.19 B) == 4.5

m. Thermal capacity of thermometer and stirrer 0.6

n. Thermal capacity of 1 gram of zinc (Table 8) 0.1

t The specific heat mj was taken from Table 30, for 60 % sulphu-

ric acid, assuming that the small quantity of bichromates present

would not essentially modify the result. For methods of determining

the specific heat of liquids, see Exp. 32.
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0. Total thermal capacity (k -\- 1 -^ m -\- n) =
p. Rise in temperature (i— D) = . . . .

q. Uuits of heat developed (o -\- p) =. . .

62.8

25°.8 C.

1620

i?.* Weight of zinc oxide 1.25 grams.

S.* Weight of battery solution 96 [00] "

T.* Temperature of battery solution ._ . . . 17°. [0] C.

U.* Temperature of mixture (maximum') . . 21°.3 C.

V. Total thermal capacity as in o . . . . 62.8

Rise of temperature ((7— r)= . . . 4°.3 C.

Units of heat developed (v y^ to) = . . 270

Difference between the number of units of heat

developed by 1 gram of zinc and by its equiv-

alent (1.25 grams) of zinc oxide {q — y)=- 1350

* E. L. A., March, 1888.

w.

X.

y-

EXPERIMENTS XXXTX.^XL.

Observations with the

A. Weight of lamp before the experiment

.

B. Time of lighting the lamp

C. Fixed distance of (amp from instrument

D. Weight of candle before experiment .

E. Time of lighting candle

F. Mean distance of candlefrom instrument

G. Time of extinguishing lamp . . . .

H. Time of extinguishing candle . . .

I. Weight of lamp in middle of experiment

.7. Time of relighting lamp

K. Fixed distance of lampfrom instrument

L. Weight of candle in middle of experi-

ment

M. Time of relighting -candle ....
N.' Mean distance ofcandlefrom instrument

Thekmo-
PILE.*

169.29.9.

2 h. 44 min.

40. cm.

38.3 g.

2 h. 44 min.

30.7 cm. t

3 A. 15 rjiin.^

3 h. 15 min.

165.3 g.

3 h: 20 min.

40 cm.

Zi.lg:

3 h. 20 min.

29.8 cm.J

Photom-
ETEK.t

198.[0].9.

10 /(. 42 min.

86 cm.

26.6 g.

10 h. 42 min.

72c/«.§

lO/i., 58mra.

10 /(. 58 min.

195.7.9.

il h. 5 mm.
64.5 cm.

24.1 g.

11 h. 5 min.

60.5 cm. §

* F. W. A., March, 1888.

X Mean of 3 observations.

t W. B. M., March, 1888.

§ Single observation.

26
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Observations with tSE Thekmo-
j

Photom-
PfLli.* ETER.t

0. Time offined extinction of Idmp . .

P. Time affinal extinction of candle . .

Q. Weight of lamp after the experiment .

R. Weigtii bf (fMdk after the experimettt .

CAtccLAUONS — First part or

Experiment.

a. Bate of consumption of lamp in grams

per hour
||

(.A— I)-^ {G— B) =
b. Hate of consumption- of candle in gfams

per hour
II
(D— L)^(H~E)= .

c. Candle power of candle 6 -7- 8 = . .

d. Candle poWer of lamp 0^-^P^Xc =
i. The saifie reduced to Hg. pef hour, 8 d

i- a = , , . , ,

Calculations— Second part op
ExPEMMENt.

/ Rate of consumption of lamp in grams
per hour (/— Q)-^ (0 — J) =. .

g. Rate of consumption of candle in grams
pel- hour (L— /J) -I- (P— A/)= .

h. Candle-power of candle 9 -f- 8 = . .

i. Cahdle-poAVer of lalnp K^-i- N^ Xh =
j. The same reduced to 8 grams per hour,

81^/!=
h. Mean relative candle-power of kerosene

and paraffine Uhdei' the conditions of

the experiment, J (e-|-y) = . . .

&h. 50 mi'n.

3 h. 50 min.

161 5.9.

31.2 ]9'.

7.7

7.0

0.88

1.4&

1.55

7.6

7.0

0.88

I.8&

1.67

1.6 +

11 A. 39 mik
11 A. 39 min.

191.8 5.

20.4;/.

8.6

9.0

1.13

1.01

1.50

6.9

6.5

0.81

0.92-

1.07

1.3

II
The time of these observations is to be expressed in hours and

decimal fractions of an hour.

Note. If the lamp and candle are weighed while burning, the

observations B, E, J, M, 0, and P, should read '^ time of weighing"
instead of "time o{ lighting," "relighting," or "extinguishing."
The calculations are identical, e.\cept that J and M are substituted

respectively for observations G and H, which are omitted.
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EXPl;RlMENf 3^Lt;

A.* Principal focal length of lejis by oedinart

METHOD (^ 116, 1), mean of 4 observa'

tions 13.[00} cm.

B.* The same hj method of PAKALtAX

(1 116, 2) ^^^
C* The same by indirect method (^ 116,8) 13.287 cm.

D.* The same by color method (T[ 1 16^ 4) -^ -^ -».

e. Principal focal length, mean of different

methods 13.14 cm.

EXPERIMENT XLII.

A.*

b.*

C*
D*
E.*

F.*

y-

h.

i.

J.*

K.*

L.*

M.*

n.

0.

P-

I-

Nearest distance of Idinjj from screen consistent

with perfect image (^ 117, l), mean of 4 oh-

servationS

Principal focal length, i A =:

Distance from lamp to tens >. Conjugate

Distance from lens to screen focal

Distancefrom lamp to lens lengths

Distance from lens to screen ' (If 117, 2).

Mean of smaller distances

Mean of gr'eater distances

Principal focail length ^ X ^ -5-
(S"+ *) ^

r

Conjugnte

focal

lengths

(IT 117, 3).

51.68 cm.

12.92 cm.

49.5 cm.

17.8 cm.

n.b cm.

49.8 cw.

17.65 cm.

49.65 c»».

13,02 ctn.

57.S cm.

17.0 cm.

I
16.3 CM.

^ 08.5 cm.

16.65 cm.

Distancefrom lamp to lens

Distmvce from hns to screen

Distancefrom lamp to lens

Distancefrom lens to screen

Mfean of smaller distances

Mean of greater distances ...... 58.15 cnr,

Principal focal length w X H- (n + 0) s= 12-94 cm

Pfitlcipal focal length, mean of three nfethdds of

donjugatefofel, I (6 4-*'+ /')= • • • 12.96 cm

* C. A. B., March, 1886,
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EXPERIMENT XLin.

First Part.

A. Distance of farther focus from converging lens

(mean of 10 obs.) 90.0 cm.

B. Distance of nearer focus from cotiverging lens

(mean of 10 obs.) r 30.0 cm.

c. Principal focal length (A X B) -h (A — B) . 45.0 cm.

Second Part.

D. Distance of farther focus from diverging lens

(mean of 10 obs.) 90.0 cm.

JE. Distance of nearer focus from, diverging lens

(mean of 10 obs.) 30.0 cm.

/. Virtual principal focal length,

(DxB)-^(D — JE)= . . . . . — 45.0 cm.

EXPERIMENT XLIV.

A.* Zero reading of sextant 0° 4' 10"

Readings of sextant when set on sun:—
B.* Positive reading (mean of o obs.)

C* Negative reading (mean of 5 obs.)

d.* Apparent angular diameter of the sun,

^ (5— C) — ^ (64' 48") = . .

e. Apparent " semidiameter" ( d) = .

f. The same reduced to decimal fraction of a de-

gree (Table 44 ^) 0°.270

The same for March (Table 44, E) 0°.269

* L. L. H., March 5th, 1886.
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G.* Zero reading of sextant 0° 4' 10"

Readings of sextant set on object : —
H.* Positive reading (^mean of b obs.) . .

3° 22' 34"

/.* Negative reading (mean of b obs.) . . 1° -|- 18^ 24"

j.* Apparent augular diameter of the object,

i {If— 7) = I (7° 4' 1 0") = . . 3° 32' 5"

k. The same reduced to decimal fractiou of a de-

gree (Table 44 J) 3°.535

I. Tangent of tlie angle k, (Table 5) . . 0.0618

M.* Length of the object in question .... 100 cm.

n. Distance of the object, calculated f (M-i- /)= ( \ 618 cm.

0*. The same by measurement (from the axis of J

the revolving mirror to the foot of the ob-

ject) [ 1623 cm.

*C. A. E., March, 1886.

EXPERIMENT XLV.

A.* Zero reading of sextant % 2° 48'. 5

B.* Reading corresponding to ^st angle ofprism 123° 26'. 5

O* Reading corresponding to 2d angle ofprism 121° 30'.

D.* Reading corresponding to idangle ofprism 123'' 34'. [6]

e. First angle, \(B— A) = \ (1 20° 18'. 0)= 60° 1 9'.

/. Second angle, i (C— A)=\(\\%° AV. 5)=59° 20'. 8

g. Third angle, \(D — A) =\ (\2<i° 43'. 5)= 60° 22'. 8

h. Sum of the three angles (e -^-JA^-g) = 180° 2'. 6

*A. E. T., March, 1888.

t A more Rccurate calculation may be made by the use of loga-

rithmic tangents (Table 5, A). We have log n = log M— log tan h,

= 2.0000— 2.7908 = 3.2902 ; hence n = 1619 cm.

% The zero-reading of the instrument here employed was made

purposely large so as to extend the limit of its negative readings

(see Exp. 44). For second metliod, see next example.
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EXPERIMENT XLVI.

A. Reading of telescope of sptptwmetier set on direet

ififage of slit in colUmuitpr 180° 0'.

Readings of telesgope set on image refleoted : ^-

B. h/ \ Stface ofprism . ........ 120° 0'.

C. bg 2dface ofprism 240' 0'.

d. Asugle between 1st and 2d faces (H 126),

i(c-^By— WO'.

B. Reading of telescope ^t oji image pf dit in colli-

mator illuminated by 9pd^u.m flame and re-

fracted by the primn angle (d) plg,ced so as to

produce a, minirn.um deviation .... 140° 1'.

F. The same with prism rotated 180° . . . . 220° 1'.

g. ( Angle of minimum deviation (A— ^) = 40° 1'.

h. JThe same (^— ^) = 39° 59'.

i. The same (mean of g and h) 40° 0'.

Note, The readipg of a sextet in this dftterjujssation,

see IT 127, U-, would also be 40° (no); 3P°), Given ,a prism

apjgle gO°j and an angle of miQinnnn deviation 40°, tto index

of TeJmoiion is (see f 244, an.d Ti3,b]e 4)?

/I :^ sill I (60° + 40°) -=- sin i (60p) =;

sin 1^0° H- sin 30° == 0,7660 -H 0,5000 ?= . 1.5320
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EXPERIMENT ^l,\Il.

FjRST Past.

A.* Zero reading of sextant 2° 25'

Readings of sextant set wpon first set of diffracted

images ofa thin white flame produced by a piece

of linen cloth :—
B.* Positive reading 2° 48'

Q.* Negative reading ..,.,,.,. 2° 4'

d, iVngiilar separation of images ^ {B— C')^ 0° 1 1'.O

e. The same in (J,eciii).aJ .fractipn pi a degree

(Table 44 A), (rf -e- 60) = . • . • . 0°. 183

/. Distance between the jthreadg (If 130, for-

mula I.)* 0,00005 -T- sin 0°.IS3==

0.0.0006^0,0033?=. .,.,.. 0.019 cw.

g. No. of threads per cm. (I -h/)= , . . M
*A. E. T., March, 1888.

Second Part.

H.* Zero reading of spectrometer (mean of 3 obs.)

29' 24' 50"

Readings on diffracted image of slit iUurninaied by

sodium flame : ^-

L* Pffsitine angle (mean of i obs.) .... 12° 4' 15"

J* Negatim ^ngk {mem of i ohs.) . ^e" 43' 30"

k.* Angle of mininMim deviatioji proiiuced by diffrac-

tion grating, i (/.—/)= . . . .17° 19' 37".^

I. The Same reduced to deeijaal fraction of a degree

(Table 4*^) 17°. 327
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m. Distance between lines of grating' as stated by

manufacturer (1 -r- 12960)= . 0.000077160 inches,

n. The same reduced to em. (2.5400 m) = 0.00019599 cm.

o. Length of sodium light-waves in air (H 130, foot-

note), 2 X («) X sin \ (I) =
2X0.00019599X0.1506= . (-0.0000590 -few.

p. Mean of wave-lengths, D^& J)^
\

(Table 41) . I 0.0000589 + cm.

* M. B., March, 1886.

Note. Angles less than 25° are generally reduced with

greater accuracy by a table of logarithmic sines than by a

table of natural sines having the same number of places. We
have by Table 4 a and Table 6, log 2 -|- log n + log sin ^ I

= 0.30103 + i.29224 -f 1.1779 = 5.77117; hence o=
0.00005904 cm. (nearly). The error in this determination

(0.0000001 cm.) corresponds to an error of about 1' in the

observed angle of diffraction.

EXPERIMENTS XLVIII., XLIX., AND L.

Observations.

A. Distance between two adjacent points of minimum

sound in IT 131, I., with a small violin K-forh

(mean of 1 ohs.) 38.0 cm.

<B. The same with a small Q-forh 32.0 cm.

0.* Temperature of the airicithin resonance tube 22°. 75 C.

D.* Relative humidity of the air of the room . . 25 %
M.* Distance between nodal points in resonance

tube (1 132) due to a large A (?)-fork . 74.9 cm.

* J. E. W., December, 1885.
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F. The same due to a middle C-fork .... 68.0 cm.

G. Length of monochord responding to large A—

ybj-^ (11133, III.) ........ 80.0 m.
H. Length ofmonochord responding to middle C-

fork 72.0 cm.

Calculations.

i. Wave-length of sound due to small violin A-
fork (2 ^) = 76.0 cm.

j. The same due to small C-iEork (2 5)^. . 64.0 cm.

k. Velocity "of sound eorresponding to atmospheric

conditions in Cand D (see Taftle 15) 34.608c»». per sec.

I. Wave-length due to large A-fork (2 M)= 149.8 crri.

m. Numbei' of vibrations of large A-fork

I per second (^ -=-/)=. ,

\ The same according to instrument maker

.

n. Wave-length of middle C-fork (2 F)= .

o. Number of vibrations of middle C-fork

t per second (A -h m) =
( The same according to instrument maker

p. Musical interval between the small A- and

C-forks (^ -f- 5)=
q. Theoretical interval (6:5)= . .

r. Musical interval between the large

f
A-fork and C-fork {E -^ F)= . . .

Thesame (G'-^- Z0=
The same according to instrument makers,

256 -^ 228.5=....'..., I 1.12

i;

I
230.9

1228.5

136.0 cm.

^
254.5

I 256.0

1.2 (nearly).

20

1.10

1.11
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EXPERIMENT LI.

Velocity op Sound— Ecao Method.

A.* Distance between two parallel walls (^ 137, 11.)

80.0 metres.

B* Beading of metronome adjusted Vo keep time with

echoes (mean of 5 observations) .... 129

C* Number of beats in 100 seconds corresponding to

this reading 2l0

D* Temperature of outside air 6° C.

E.* Relative humidity ... 30 %
/ Distance traversed by sound (2 ^) =: . . \&0 metres.

g. Time occupied. (100 -f- C),= 0.46.5 sec.

h. Velocity of sound (/-=- ^r) = . . . . 344 \

i. Vtelocity tabulated for conditions D and V
•'

I per sec.

E (Table 15) 336 )

* J. E. W., December, 1885.

Pendulum Method.

,/.* Time of pendulum {on north wall, of Lawrence

HaJl) about 1.00 sec.

K.* Distance of signalling observer from pendulum,

about 10 metres.

L.* Distance of observer with tdeseope {Jarvis Field)
'

350 ± 20 metres.

m.* Velocity of sound

(L — K)-i- /= . . . . 340 ± 20 w. per sec.

* Approximate results, recalled from memory from experiments

made by students in 1881-1882, before the building of the Jefferson

Physical Laboratory.
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EXPERIMENT LH.

A. NuMbet of waves tfaced by tuning-fork between

aliei^aie marks made by pendidum {mean of 10'

28.27

B. Nmnber of complete oscillations of tM pendidwm

timed 100

C Time occupied (mean of 10 observations) . . 50.0 sec.

d. Rate of- peiidulum (complete oscillations per sec-

ond) Zf-=- C=: 2.00

e. Rate' of tuning-fork (coniplete oscillations per sec-

ond) Axd= 56.5 +

EXPERIMENT LIII.

Note. Thfr tuuingrfofks Nos. 1 and 17 are supposed to

have been adjusted to an exact octave (by filing or loading

one of them) before the following observations were taken.

A. No of
Ist fork.
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EXPERIMENT LIV.

A* Time occupied hy Lissajous' curves in passing

through 40 complete cycles (mean of 10 obs.) 18.5 sec.

B.* Which fork must be loaded to make the figures

permanent ? The higher.

C* Number of lobes visible in the symmetrical figures

(= n, formulae, 1 1 42) 4

d. Sign of the correction for cycles (compare B with

11142) +
e. Number of cycles per second (40 -=- tI) := c, for-

mulae, 1 142 2.16

/. Pitch of the lower fork (Exp. 52) = p in for-

mulae, IT 142 56.5 +
g* Pitch of the higher fork C X / [<?] e =

4 X 56.5 + 2.16 = 228.2 +
* M. B., December, 1885.

EXPERIMENT LV.

A. Number of revolutions made by a toothed wheel in

100 seconds when adjusted so as to show station-

ary waves upon a tuning-fork (mean of 10 obs.) 473

B. Number of teeth 12

e.
Pitch of the tuning-fork ^^^ A X B . . ( 57.0

The same by graphical method (Exp. 52) . <- 56.5 -|-{,
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EXPERIMENT LVI.

A. Distance between marks made by buUet. . . 19.2 cm.

B: Time occupied by 250 complete oscillations of the

pendulum 200 sec.

G. Time occupied by pendulum after its release in

reaching the middle-point of its swing,

iX^hX£= 0.200 Mc.

d. Square of time occupied (c^) := 0.0400

e. Ratio of distance through which bullet falls to

square of time occupied (A -i- d) ^ .
'.'

. . 480

/ Acceleration of gravity (2 e) = 960

[Results with other pendulums reduced in the same way

and tabulated as in 1 148]

EXPERIMENT LVII.

A. Distancefrom lower edge of bracket to top of

bullet 7.8 cm.

B. The same to bottom of bullet 9.8 cm.

c. Length of pendulum \ (^A-\- E)=: . . . 8.8 cm.

D. Tim£ occupied by IQQ-single vibrations . . 30.0 sec.

e. Time of pendulum Z)-=- 100= 0.300 sec.

f. Square of time of pendulum (e^) = . . . 0.090

^. Ratio of length of pendulum to square of time

(c^/)= 97.8

[Results with other pendulums reduced in the same way

and tabulated as in If 149.]



998 APPENDIX V. [Exp. 58.

EXPERIMENT LYIII.

A. Diameter of rods {ah ^nd hi. Figs. 1,0=3 and

154) 1.00 cm.

B. Distance between rods adjusted to .... liOQiOO cm.

C. Mean iwtervxd between coincidences with seconds

clock (reduced as in f 152) . . . . . ,1?5 sec.

d. Length of pendulum (A-\- B)=; . . . 101,00 cm.

e. Time of pendulum ( C -i- ( C^ J)) = . . 1.00807 sec.

f. Accderation of gravity .correspottdkig to 4 a#d

(see Table, 1[ 153) 980.9

EXPERIMENT LIX.

Peeliminart Observations.

A. Length of spring without load, about .

B. Length of spring with bullet, qhQiit

C. Lexiglh of spririg with 30 grants

D- Length of spririg with 31 grams

fj. Length of spring with 30..6 grafns, abqy,t

f. "VV^ejght of bullet, abant

50 cm.

. 100 cm.

99 + cm.

100 + cffi,.

100 c^.

30.6 gvams.

Observed Times of 1000 Consecutive Oscillations.

G. — With the bullet 800 «ec.

K — With 30.6 gvams 801 sec.

I. — With 30.5 grams • 798 sec.

j. Mass of the bullet,

30.5 J^Q.lxiG —I)~ {H— I) = 30.57 grams.
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EXPERIMBNT LX.

A. Beadings of the
mairker at

intervals <if 2 sec.
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EXPERIMENT LXL

Preliminary Observations.

(See Tables, pages 339 and 340, left-hand haU.)

FlEST Method.

Readings of spring balances in kilograms corrected by

. first table (1), 'page 339.

S. ^- First balance with one end of lever . . . OAG kilos.

B. — Second balance with other end of lever. . 0.44 "

C. — First balance with load on, lever .... 6.85 "

D. — Second balance with load mi lever . . . 6.75 "

e: Weight of lever (^ + 5) = 0.90 «

/. "Weight of lever with load (<?+ Z>) = . . 13.60 "

jr. Weight of load (/—e)= 12;70 «

Second, Third, and Fourth Methods.
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Fifth Method— Observations.

A. Corrected reading of first spring balance with

load 10.05 kilos.

B. The same for second spring balance . . 9.95 "

0. Distance ofpoint (a) frompoint (c) {Fig. 166) 100.1 cm.

D. Distance of foint (b) from point (a) {Fig. 166) 99.9 cm.

E. Vertical deflection {cd, Fig. 166) with load 10.00 cm.

F. Corrected reading of first spring balance

without load ••. . 9.60 kilos.

G. The same for second spring balance ... 9.60 "

H. Distance ofpoint {a) from point {c) {Fig. \Q7) 100:0 cm.

/. Distance of point {b) from point (c) {Fig. 167) 99.8 cm.

J. Vertical deflection without load {cd, Fig. 167) 1.04 cm.

Calculations.

k. Mean reading of spring balances with load

^{A-\-B)— . . 10.00 kilos.

1. Mean length of hypothenuse with load,

^{C-\-D)= : 100.0 m.
m. Weight of ring with load, 2 ^ X ^ H- ^= 2.00 kilos,

n. Mean reading of spring balslnces without load,

i {F^ G}= . .._ 9.60 «

o. Mean length of hypothenus^. without ' load,

i{H+I)= 99.9 cm.

p. Weight of ring without load {2 JXn -h o) = 0.20 kilos.

y. Weight of load (m —jo) = 1.80 "

27



1002 APPENDIX V. £Exp. 62.

Sixth Method, f 159 (6).

A. Corrected reading of spring balance pviUng a point

(J) in a cord {ah, Fig. 169) to a distance {be)

from the vertical line (ac) nearly equal to 75 cm.

9.(35 leilos.

B. The same in the opposite direction (cb, Fig. 169)

9.55 "

G. Length of cord {ah, Fig. \<o^) 125.0 cw.

D. Horizontal distance {W, Fig. 169) .... 150.0 cm.

e. Mean deflection (^ /?) = 75.0 cm.

f. Vertical distaace (ac, Fig. 1 69),

\/0^-^c^~ V15625— 5625 = Vl0,000= 100.0 cm.

g. Meau force felt by balance, \ {^A-{- B) . . 9.60 kilos,

h. Weight of load,

^ X/-^e= 9.20 X 100.0 -T- 75.0= 12.80 «

EXPERIMENT LXII.

A. Weight suspendedfrom, edga of board . . . 10.0 kilos.

B. Distance of point of suspension from triangular

support {ab, Figs. 171 and 172) . ... 100.0 cm.

G. Distance of centre of gravityfrom triangular sup-

port (cb,' Fig. 172) 40.0 cm.

d. Weight of the plank A^B^ G . . . . 25.0 Mos.

Note. The position of the centre of gravity is best lo-

cated in such a heavy plank by balancing the plank upon

the triangular knife-edge vtrithout the weight. See however

f 160.
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EXPERIMENT LXIII.

il

1. lOO.O

2. 100,0,

3. 500

i. 100.0

5. lOO.Oi

"s.^

1.000

l.OQO

1000

2.000

1.000

1.000

l.QOO

1000

1.000

2.000

t
63

0.490 4,000

244^ 2jP.0O

0.246:16,000

0.240] 4,000

0.238,16,0001

S

3 (12 X 10«

196 "

15.68 "

3.92 "

15.68 " •

8.00 X 10

8.03 "

63.7

16.3 "

65.9 "

p
^ ><

-sx

8.00 X 10^

;]5

1.24

fe.

Steel

No. 1.

Steel

No. -2.

EXPEBIMENT J^^IV-

Preliminaky Expekiments (If 164).

is ;
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0. The same with 1 decigram in right hand pan,

77°, i.e . ; — 283°

D. Length of balance beam 20.4 cm.

E. Length of wire subject to torsion 100.0 c/re.

F. Diameter of the wire 0.0300 cm.

g. Value of 1 gram in dynes 980 dynes.

h. Weight of 1 decigram in dynes {g -¥ 10) ^= 98.0 "

i. Length of balance arm (^ Z>) = 10.2 cm.

j. Couple exerted by decigram weight (h X «) =
1000 dyne-cm.

k. Deflection produced by this couple, ^ {B— 0)=: 300°

1. Coefficient of torsion of the wire (_/-i-^)=3.33 ( dyne-cm.

(per degree.

EXPERIMENT LXV.

A.* Length of iron wire subject to stretching . . 6505 cm.

£.* Diameter of the wire (mean 0/20 obs.)

.0664 ± .0001 cm.

C* Reading of micrometer without weight (mean of

10 obs.) 0.7446 ± .0001 cm.

D.* The same with weight (mean of 10 obs.)

1.2324 ± .0004 cm.

E.* Weight added 5,000 ^mm*.

/. Deflection (D— G) = 0.4878 cm.

g. Value of 1 gram in dynes 980.4 dynes.

h. Weight reduced to dynes

(Ex 9)= 4.902 X 10=- rfywes.

i. Cross-section of the wire corresponding to dia-

meter B, see Table 3 G . . . . 0.003463 sq. cm.

j. Stress upon the wire

(A-7-i)= . . . . l.ilG X ^0'' dynes per sq. cm.

L Strain of the wire (/h- A) = 000750
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L* Young's modulus of elasticity {j -i- k)= 1.89 X lO^^

*G.,. January, 1885.

Note. From the weight (27.00 grams) of 10 metres of

the wire, and from the density of wrought iron (7.8, Table 9)

the mean cross-section would be

27.00 -f- 7.8 H- 1000= 0.00346 sq. cm.

EXPERIMENT LXVL

A.* Diameter of steel wire 0.02327 em.

B.* Place of breaking. C* Maximum reading of spring balance.

1. Near balance 8.45 kilos.

2. 2 inches from balance .... 9.61

3. 1 inch from balance .... 9.30

4. Close to balance 9.20

5. Close to balance 8.50

6. Mddle 9.68

7. 1 inchfrom balance .... 9.66

8. 2 inches from balance . . . 8.95

9. Close to balance 8.85

10. Middle 8.95

d.* Average 9.115 Mos.

Note by Student. Several bad results thrown out.

e.* Correction of the spring balan.ce (for zero error

and graduation) for a reading of 9 kilos — 0.240 kibs.

f* Correction for an inclination of 90°
. . + 0.120 "

g. Value of 1 gram in dynes ..... 980.4 dynos.

h.* Corrected reading of spring balance

(d-^e-\-f)z= . .
.'.... . 8.995 Wos.

i.* The same in dynes (h X 9) = • 8.82 X 10'

j.* Cross section of wire with diameter

.02327 cm. (see A), 0.000425 sq. cm.
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k* Breaking stress of- tJhe steel

(i -j-y) = .... 20.8 X ^Q^ dynes per sq. cm.

* J. E. W., January, 1886.

Additional Data.

Li Length of wire weighed 100.0' cm.

M. Weight in grams 0.335 grams.

m Weight of1 cm. (J!f^Z)= . . . . 0.00335 "

0. Length breaking under its own weight

(1000 A -r- >i)= 2.69XlO«c»i.

EXPERIMENT LXVII.

Ji^EST Method (1169 1).

A. Distance between vertical prongs offork . . 2.00 cm.

B. Weight required to counterpoise the fork

when dipying. into a heaker of water . l.OOO'^fram.

G. The same wiik film of water

(mean of 10 ©5s.) 1.300 grams.

D. Temperature of the water 20° C.

«. Tension of film 2 cm. broad {B— C) = 0.300 gram.

f. Tension oi single surface 1 em. broad

(e -f- 4)= 0.075 gram.

g. Value of 1 gram in dyne.s 980.4 dynes.

h. Surface tension of the water at 20°

(see Z)), (/X $')= .... Id -\- dynes per cm.

Second Method.— Calibration of Tube.

I* Length of mercurial column ...... 30.1'3 cmi

J.* Weight of mercurial column 7:%^0 grtirns.

K. Tentperature-of the room, about' 20° O.
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I. Apparent specific volume of mercury- at

20° (see K); from Table 23 B— . . 0.073»

m. Volume of mercurj (/ X' =^ • • 0.580 cu. cm.

n. Cross-section of the tube (wi -7- /)= . 0.0192 sy. cm.

0. Diameter- correspnnding (see Table 3 G) 0.156 -j-cw.

Height of Capillary Column.

P.* Height to which water rises in the tube above its

level owt'side ofthe tube {mean afoobs.) 1.66 ± .01 cm.

q. Density of water at 20° (Table- 25) . . . . 0.99828

r. Density of air at 20° (mean), Table 19' . . 0.00120

s. Weight of 1 CM(, cm. of water at 20° ih- air,

{q
—r)= 0:99708

t. Weight in air of a column of water 1 .66 om. long,

0.0192 sq. cm. in cross-section, reduced to-

dyneH (P X 1 X s X 5')"= .... dl.Q dynes,

u. Breadth of film sustaining the weiglit of this col-

umn = circumference of tube (Tables, F),

widi diameteT 0.156 c?w. (see 7?)" . . . 0.490 cm.

V. Surface tension of the water at 20? (t-r- u)'=

63 -\- di/nes per cm.

* A. N. S., January, 1887.

EXPERIMENT LXVIII.

First Method (1 171,1.).

A. Force required' to draw plank with uniform velocity

parallel to the fibres of the planhandofa hori-

zontal board upon which the plank rests flat-

wise {mean of \Q obs.) 0.290 Hfo.

B. The same with plank edgewise 0.310 "

G. The same with plank flmtwise but hearing a load

3:50 kilos.
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D. Weight of the plank 1-00 hilo.

E. Weight of the load . IQ.OO kilos.

f. Coef. of friction {\) m A (A -^ D) =z . . . 0.29 \

« "
(2) " B {B^ D)= . . . 0.31 [-

'! «
(3) " C ( C -V- (Z» 4- E)) = . 0.32 )

Second Method (t 171, II.).

G. Distance {AB, Fig. 184) measured along hori-

zontal surface of table from the point ofcontact

of the under surface of board to foot of vertical

measuring rod 100.0 cm.

H. Height of under surface of hoard above horizontal

surface of table at this point sufficient to make

plank slide down board with uniform velocity

parallel to the fibres of the plank and of the

board with theplank flatwise {mean of\0 ohs.)

30.0 cm.

i. Slope of under surface of board= slope of up--

per surface nearly =:= coefficient of friction

= H-^ G= 0.30

EXPERIMENT LXIX.

Observations.

A.* Circumference of the wheel of inotor

B* [Difference betweeri] readings of spring

balance [s]

C* No. of revolutions made by the wheel

D.* Duration of the experiment in seconds

E,* Weight in grams of the water used .

F.* Readings of the pressure-gauge in

pounds per square inch ....

1st
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Calculations.

g. Tangential force of friction reduced

to niegadyues (0.98 fif= . .

h. Velocity of rim of wheel in cm. per

sec. (Ax 0^ D)= . . ,

i. Power utilized by motor in megergs

per sec. (g X. h) = . . . .

j. Pressure of water reduced to mega-

dynes per sq. cm. (0 069 X P) =
h. Flow of water in c«. cm. per sec.

(1.00X.E-M)) =
I. Power spent on motor in megergs

per second (j X i) = . . . .

m. Efficiency of motor in per cent

100 X !' -r / =

1st
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Calculations.

i. Rise pf temperature of the shot {G— F) = 6°.0 C.

J. Distance fallen by the shot in eacii reversal

(A— 2J3~C)— ]OO.Ocm.

k. Total distance fallen by the shot {H xi) = 8100 cm.

I. Distance fallen per degree rise of temperature

(k-r-i)^=: 1350 cm.

m. Force acting upon each gram of shot . . 980.4 dynes,

n. Work necessary to raise 1 gram of shot 1" in

temperature reduced to megergs

Qy^m^ 1000000) = . . . . 1.324 megergs.

o. Heat, units necessary to raise 1 gram of lead

1° C. (See Exp. 31, and Table 8) 0.032 units of heat.

p. Mechanical equivalent of heat*

(n^o)— ^^ {unit of heat.

* A simple way to cool shot to a giiVen temperature is to mix it with

colder shot from a refrigerator. The tube may be warmed to a given

temperature by placing shot in it a little above that temperature.

Assuming that, as in the example, the operations have been per-

formed, so that ^ {F + E) -= D, and G= P, tl'.e effects nf cooling

and thermal capacity will be eliminated (see 1[1 98, 102 and 104), and

the probable error of the result due to other causes (see IT 178) ought

not to exceed 5 %.

EXPERIMENTS LXXF.-LXXIV.

Observations— Magnet numbered

A. Distance between the poles of the

magnet in centimetres . .

B. Weight in gra,ms neoessari/ to coun-

terpoise each magnet . . , .

C. The same when repelled as follows :

No. 1 by No. 2; No. 2 by No. 3
;

No. 3 bi/ No. I

1.

9.6

240.0.0

239.36

10 10.4 cm.

250.00 260.00 grams.

249.30 259.33
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Obsebvations— Magnet numbered

D. The same when attracted as stated

E. Distance between the magnets from

cetitre to centre {in cm.) . . .

F. Zero-reading of tursion-apparatus

G. Reading of the same when magnet

points east and west . . .

H. Reading of the same when magnet

points west and east ....
/. Mean distance of centre of magnet

from centre of compass needle,

measured in east and west posi-

tions

J. Readings of compass needle with

magnet east of needle

{ North pole deflected west-

1 ward \N. IK.] .

I
South pole deflected east-

ward [S. E.] . .

North pole defected east-

I

ward[N.E.] . .

I South pole deflected west-

i ward [S. W.\ . .

With magnet west of needle.

' North pale deflected west-

ward [N. W.] . .

I South pole deflected east-

ward [S. E.\ •

North pole ducted east

I
wardlN.E] . .

I South pole deflected west-

ward [S. W.\ . .

{Fig. 200,1) .

{Fig. 200,2)

{Fig. 200,.S)

{Fig. 200,4) .

Caicdlations.

u. Mean force felt by each magnet,

ilD-C)^
5. Mean force felt by each pole,

(i«)=
c. The same in dynes (980.4 X 6) =
d. The same reduced to a distance

Of 1 cm. giving product of

strength of poles acting,

{cXE^)= ......

1.

241.26

2.00

0°.0

+ U7°.0

— 1170.0

3S.0

8°.8

8°.6

80.5

8°.9

8°.6

8°.4

8°.3

8°.7

0.950

0.475

466

1864

2.

26140

2.00

0°.0

+ 120°.0

— 120°.0

36.0

9°.8

9°.4

9°.5

9°.7

9°.5

9°.3

9°.2

9°.6

1.050

0.525

515

2060

261.83

2.00
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Calculations— Magnet numbered.

6. Ratio of the strengths of poles in

question (d^ -=- ^2) ! (''i "i- ''3)

!

((ij-r-iii) = respectively .. .

f. Provisional estimate of strength

of single poles, •^dX e = .

g. CoeflScient of torsion of wire

(Exp. 64) in dyne-cm. per degree

h. Mean angle of torsion observed,

i(G— £r)— 90°= . . .

i. Couple exerted by or upon mag-

net in dtjne-cm. (g y.h) = . .

j. Force of earth's magnetism on

each pole (i-7-.>4) = . . .

k. 1st estimate of the horizontal in-

tensity of eartli's magnetism

U^f)=

I. Distance of nearer pole of mag-

net from centre of compass

needle (/—I /I) =. . .

m. Distance of further pole [T. +
\A)=

n. Field of force due to nearer pole

(/H-/-^)=

u. Field of force due to farther pole

(/^ m2) =
p. Resultant field of force (n— 0) =
q. Mean angle of deflection (aver-

age of / ) .

). Tangent of this angle (Table 5)

s. 2d estimate of the horizontal in-

tensity of the earth's magne-

tism (p -7- J") =
(. The same (1st estimate — see k)

u. Geometric mean between the two

estimates = Horizontal inten

sity of earth's magnetism =

y/Txt =
V. " Moment" of magnets (i-^«) =

v>. Strength of poles (v-^A)

1.
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EXPERIMENT LXXV.

A.* Number of vibrations made by a small loaded

magnetic needle in 10 seconds under the in-

fluence of the earth's magnetism. . . . 1.5 vibr.

B.* The same at a distance of 1 cm. from, tJie mid-

dle point of a long bar inagnet . . . 8.0 vibr.

The same at a distance of 1 cm,, from the axis

of the magnet.^ and at the following dis-

tances :—

From north end— Vibrations.

c.»
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EXPERIMENT LXXVI.

A.* Throws of needle of ballistic galvanometer caused

by sliding a coil over the magnet through a dis-

tance of 10 cm., measured as follows : —
From north end of magnet— Throw.

b.*
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EXPERIMENTS LXXVIIL-LXXIX.

A.* Number of turns of wire in coil 10

B.* Outside diameter of ring {mean ofS obs.)

37.936 cm.

C* Depth of groove to outer surface of insulated

wire {mean of 8 ofis.) 0.645 cm.

D.* Semi-diameter of wire (m,ean of 4 observa-

tions on 10 thicknesses) 0.150 cm.

M* Mean radius of coil {i B — O—D) = 18.173 cm.

f* Constant of coil

2 ttX -4 -7-^= 2 X 3.1416 X 10 -^ 18.173= 3.457

g. Reduction factor of the galvanometer, assuming

a mean value 0.170 for the horizontal intensity

of the earth's magnetism (Example 74 u);

0.170-4-/= 0.0492

h. The same for measui'ements in amperes (10 g) = 0.492

Simidtaneous defections — tnea7i of 3 obs. in each case.

I*. Double-ring galcanometer.

44°.p0 N. E. 43°.83 S. W.
43°.97 N. W. 44°.33 S. E.

44° 03 N. W. 44°.47 S. E.

44°.10 N. E. 43°.97 S. W.

K.* Zero reading.

0°.O N. E. —0°. 25 S. W.
m.* Average deflection 44°. 09

0. . Tangent of m CTable 5) 0.9688

J.* Single-ring galvanomefer.

470.53 E. S. 47°.13 W. N.

47°.53 E. S. 47°.13 W. N.

47°.50 E. N. 47°.93 W. S.

47°.53 E. N. 48°.00 W. S.

L.* Zero reading.

0°.0 E. S. — 0°.5 W. N.

n.* Average deflection 47°.54

p. Tangent ofn. (Table 5) 1.0928

Constant of the double-ring galvanometer,

fXo-i-p—... 3.06 +
Reduction factor of the double-ring galvanometer

for amperes (^h Xp -i-o) =: 0.555

* C. A. E., April, 1888.
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Note. The same student found in March the vahie

0.1714 for the horizontal intensity of the earth's magnetism.

Substituting this value instead of 0.170, the reduclidu factors

in h and r become 0.496 and O.o59 -|-.

In the abbreviations above, the first letter refers to the

pointer, the second to its deflection ; thus the letters N. E.

indicate readings of a pointer attached to the north end of

a needle when deflected eastward ; while the letters E. N.

refer to observations of the east end of a (transverse) pomter

when deflected northward.

EXPERIMENT LXXX.

A. Number of turns of wire in the large coil of

the dynamometer 100

J3. Outside diameter of the coil . .

f; Inside diameter of the coil . . .

d. Mean diameter, ^ (B-{- C) =
e. Mean radius, \ d=.

f. Constant of large coil (2 tt e -i- A.) =

27.00 cm

23.00 cm,

25.00 cm.

12.50 cm.

. 50.27

G.. Number of turns in small square coil

H. Outside horizontal diameter . . .

I. Otitside vertical dicCmeter ....
J. Width of 80 turns of wire ....
Jc. Mean diameter of wire, {J -i- 80) = .

I. Mean horizontal diameter of coil (IT— k)=
m,. Mean vertical diameter of coil (I— k) ^ .

n. Mean area of cross-section (I X in) =
o. Magnetic area of coil (

6* X ^*)= • •

p. Constant of Dynamometer (f'Xo)^= . . .

q. The same for amperes, or No. of dyne-centimetres

due to one ampere, (p -=- 100) = . . . .

o

5

4,

0,

5,

. 4,

25.00

1988

79.5

.09 cm.

,03 cm.

80 cm.

06 cm.

,03 cm.

97 cm.

sq. cm.

sq. cm.

99937

999 +
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It. Length of dynamometer wire subject to torsion

33.3 cm.

s. Coefficient "of torsion of a wire 100 cm. long of

the same size and material (Exp. 64) in dyne-

cm. per degree 3.33 i
^2/- CM.

^ " (per deg.

t. Coefficient of torsion of dynamometer wire

s X 100-T-^= 10.0 "

u. Reduction factor of the dynamometer for am-

peres VT^i^= 0.100

V. Deflection ofdynam,ometer (^1[ 204) . . . 100°.0

W. Corresponding defl,ection of galvanom,eter 63°.

4

X. Current-through dynamometer,

u a/T= 0.100 VlOO.O= 0.100 X 10.0=
1.00 amperes.

y. Tangent of the angle of deflection of the galvan-

ometer (Table 5). Tan. 1^. = tail. 63°.4=: 1.997

s. Reduction»factor of the galvanometer

{x^y)= 501)
The same previously found (Exp. 78, h) . 0.492 \

Note. The value of the reduction factor (0.501) found in

this experiment is the same as that which would have been

found in Exp. 78 if the value 0. 1 74 liad been taken for tlie

horizontal intensity of the earth's magnetism, instead of the

value 0.170 found in Exp. 71-74.

28
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EXPERIMENT LXXXI.

A. Weight of copper spiral before the experiment

{mean of 3 double weighings) . . 10.945 grams.

H. Duration of the experiment, 31 m. 30 sec.= 1890 sec.

C. Deflections of the galvanometer at intervals of 1 min.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

16

50°.7 E. S. 51°. 2 W.E.

61.2

51.4

51.4

51.4

51.3

51.4

51.4

51.4

51.4

51.3

514

51.4

51.3

51.4

Mean 51.32

51.8

51.8

51.8

51.8

51.8

51.8

51.9

51.9

51.9

61.8

51.9

51.9

51.8

61.9

51.8[0]

16
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EXPERIMENT LXXXII.

2l^= See Fig. 237.

ISJ
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EXPERIMENTS LXXXIII.-LXXXIV.

A. Headings
qfAmmeter in

amperes.
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EXPERIMENT LXXXV.

Observations.

A.* Weight of empty brass calorimeter . 47.20 grams.

B.* Weight of calorimeter with water . 126.00 "

*Readings of galvanometer and tfierm&meter at differ-

ent times :
—

C* Time. D.* Galvanometer. E.* Thermometer.

1. 3 h. 14 ra. sec 23°.7

2. " 15 " Oo.O E.S
3. " 16 " 23°.8

4. " 17 " — 0°.l W.N
5. ' 18 " 23°.8

6. 3 h. 19 m. sec. Circuit made

7. " " 30 " 51°.l E.N.

8. .
" 20 " .

24° .0

9. " " 30 " 48°.7 "

10. " 21 " 24° 2.

11. " " 30 " 48°.0 '

12. " 22 20 " 24°.6

13. " " 30 " 47°5 "

14. • 23 " 24°.8

15. " " 30 " 47°.0 "

16. " 24 " 25°.0

17. " " 30 " 46°.8 W.S.

18. • 25 " 25°.3

19. " " 80 " 46°.5 "

20. " 26 " 25°.5

21. " " 30 " 46°.3 "

22. " 27 " . .
25°.7

23. " " 30 " 46°.2 "

24. " 28 " 25°.9

25. " " 30 " 46°.0 "

26. 3 h. 29 m. sec. Current reversed .... 26°.0

27. " " 30 " 46°.3 E.S
28. " 30 " 26°.2

29. " " 30 " 460.2 "

30. " 31 " 260.5

31. •< " 30 " 46°.l "

32. " 32 " 26°.7



lo;
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s. Resistance of the conductor in ohms = power iu

watts necessary to maintain a current of one

arai)ere (bee § 136)

= (m -J- »•) = 1.22 -V- 1.122= . . . IM ohms.

Note. In the calculation above, only the first and last

observations of temperature during the action of the current

were utilized. The others would have given a somewhat
larger result. The studenf.'s calculation gave 1.06 ohms a,a

the resistance of the coil by the method of heating. The
same student found the I'esistance of the same coil by com-
parison with B. A. units (May, 1886), to be 1.00 ohms (see

note, Example 87). The probable error in determinations

conducted as iu the example is about 10 %.

EXPERIMENT LXXXVI.

First Method.

A. Deflection of a galvanometer with Bunsen cell

and unknown resistance included in the

circuit 21°. 6

B. The same loith 7 ohms in place of unknown

resistance ; 20°.0

C. The same with 6 ohms in place of unknown

resistance 22°.0

d. Value of the unknown resistance by interpolation,

6-^(U— A)-i-(C — B)=. . . . &.2 ohms.

Second Method.

M Deflection of differential galuanometer with

unknown resistance in one circuit and 6 olims

in the other — 6°.0

F. The same with 1 ohms in place of & ohms -|- 24°.0

g. Value of the unknown resistance by interpolation,

6 + [— 6.0] -T- [— 6.0— 24.0]= . . 6.2 ohms.
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EXPERIMENT LXXXVII.

A. Value of known resistance (said to be equal to

1.0132 B. A.-units) in legal ohms { Table 50),

1.0132 X 0.9889 = 1.0021 ohms.

B* Distances of contact from- end of br-idge-wire

nearer the imknown resistance measured:—
(1) from, cm. upwards {mean o/6 obs.) 50.237 cm.

(2) the same with current reversed (mean

of 6 obs.) 50.222 cm.

(3) from 100 cm. downward (mean of 6

obs.) 60.215 cm.

(4) the same with current reversed (mean

of ^ obs.) 50.212 cm.

Mean 50.222 cm.

C* Length of the bridge-wire 100.00 cm.

d. Value of the unknown resistance,

A^B^(C-B) =
1.0021 X 50.222 -f- 49.778= . . . 1.010 ohms.

*J. E. W., May, 1886.

Note. The value of the unknown resistance determined

in this experiment includes that of the connecting wires,

amounting to about 0.01 ohm. A deduction of 0.01 ohm

should therefore be made in comparing this result with that

obtained by the method of heating (Exp. 85).
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EXPERIMENT LXXXVIII.

A. Value of kriown resistance u§ed as a standard

of comparison {see JExample 87, A) 1.002 ohms.

B. Distance of contact on '' bridge-wire" from
end nearer %nknQ^en resistance (mean of 4

observations -^see -B, Example 87) . 50.00 cm.

C. J^ength of "bridge-wire" 100.00 cwi.

D. Ziength of Germ,an silyf,r wire (between con-

necting strips) constituting unknown re-

sistance 100.00 cm.

E. Diameter of the wire (rneati of 10 obs.) 0.05000 cm.

f. Cross section of wire with this diameter (Table 3,

O) 0.001963 sq. cm.

g. Eesistance of the wire A y, B -~- {G— -S) =
1.002 ohms,

h. Resistance of a wire of the same material and

diameter 1 cm. long {g ^ D) = . . 0.01002 ohm.

i. Resistance of a wire of the same material 1 cm.

long and 1 sq. cm,, in diameter (h X f) =
0.0000197 "

j. ' The same in microhms= specific resistance in

microhms of a centimetre cube of the Ger-

I

man silver 19-7

k. [ Compare (mean) value in Table 37 a' . . 20.8 }
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EXPERIMENT LXXXIX.

A. Value of known resistance used as a standard

of comparison, 10 £. A. units = in legal

ohms {see Table 60) 10 x 0.9889 = 9.889 ohms.

B. Distance of contact on " bridge-wire " from
end connected with galvanometer, mean of 4

observations {see Meample 87, B) . . 37.60 cm.

C. Length of '' bridge-wire'' 100.00 «n.

d. Resistance of galvanometer in legal ohms,

AXB^{C— B) 5.959 oAws.

EXPERIMENT XC.

A. Value of known resistance used as a standard

of comparismi {see Example 87, A) 1.002 ohms.

B. Length of " bridge-wire " between point of

contact and battery {mean of 2 obs.) . . 49.0 cm.

C. Length of ^ bridge-wire'''' 100.0 cwj.

d. Resistance of battery in legal ohms,

Ay^B^{C— B)= 0.96 oAm.
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EXPERIMENT XCI.

First Method.

A* Deflection of Single Ring tangent galvan-

ometer 59°.

5

B* Corresponding deflection of Double-Ring
tangent galvanometer loith shunt (mean of
2 obs.) 360.05

O* Resistance of the shunt 0.10 ohm
d. Reduction factor of Single Ring galvanometer

(Example 80, «) 0.50

e. Reduction factor of Double Ring galvanometer

(Example 79, note) 0.56

/ Current through the Single Ring galvanometer,

d X tangent of ^=
0.50 X 1-6977 (Table 5) = . . 0.85 ampere,

g. Current through Double Ring galvanometer,

e X tangent of ^ = 0.56 X 0.7279 = 0.41 «

h. Current (by difference) through the shunt,

(f—g)= 0.44 "

i. Resistance of the galvanometer,

Gxh^g=GxO.U-^41= . . O.U ohm.

*F. S. D., May, 1888.

Second Method.

Ji Deflection of galvanometer through a large

external resistance 20°.

I^. Value of this resistance 1000 ohms.

L. Deflection reduced hy a shxmt to .... 10°.0

M. Resistance of this shunt 6.00 ohms.

n. Resistance of the galvanometer (IT 224, 12)

KXMX (.1 — L)-^{L XK + Ly. M — .1 x M) =
1000X6.00X10.(H-(10.0X1000)+10.0X6.00—20.0X6.00) =
60,000 -=- 9940 = 6.043 ohms.
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EXPERIMENT XCII.

-4.* Deflection of Single Ring tangent galvan-

ometer (mean of 2 ohs.) 62°.2

B* The same loith additional resistance . . . 35°. 25

C* Value of resistance added 2.00 ohms.

d. Eesistance of battery, galvanometer, and con-

nections (H 225, formula 10), C X tangent of

B -=- (tangent of ^ — tangent of B) = (see

Table 5) 2.00 X 0.7067 -r- (1.8967— 0.7067)

= 2.00 X 0.7067 -r- 1.1900= . . l.lO-f ohms.

e. Resistance of galvanometer (Example 91, i) 0.11 ohm.

f. Internal resistance of battery ((?— e) = 0.99 "

* F. S. D., May, 1888.

Note. The electromotive force of the battery is found by

multiplying the current in A (0.5O X tangent of A, see

Example 80, z) and the total resistance in A, namely d.

This gives 0.50 X 1.8967 X 1-10= 1.04 -f volts.
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EXPEKIMENT XCIII.

A. 1st resistance of the shunt {ac Figs. 254 and

255) such that a Daniell battery of 2 cells

reduces the currentfrom a single £unsen cell

to zero 28.0 ohms.

B. Corresponding resistance (b c) added to Daniell

or main circuit 0.0 "

G. 2d resistance of shunt neutralizing the current

in the £unsen or side-circuit when, a new re-

sistance is added to the main circuit . 168.0 ohms.

D. Value of the resistance (in C) added to the

main circuit 10.0 "

e. Eesistatice of the Daniell battery (formula 6,

% 229),

{AxD—Bx C)^(C-A)=
(28.0x10.0—0)^-140= . . . 2.00 "

/• Average resistance of the Daniell cells

{ie)=
Kesistauce of 1 Daniell cell by Mance's

Method (Example 90, d) ....
The same by Ohm's method (Example

92,/)

1.00

0.96

LO.99

Note. Taking the electromotive force of 1 Daniell cell

as 1.04 (Example 92, note), that of 2 celJs will be about 2.08

voUs. This will give through an internal battery resistance

2.00 ohm,s (see e) and throogh an external resistance of 28.0

ohms (see A) a current of 2.08-=- (28 + 2) = 0.0693 -|-

amperes. The fall of potential in passing through 28.0 ohms

is accordingly 0.0693 X 28.0= 1.94 wo^ifs, which must be

equal to Ihe electromotive force of the Bunsen cell.
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EXPERIMENT XCIV.

First Part.

A. Electromotive force of a {given) Daniell cell

from Exp. 92 {see Example 92, note) . 1.04 volts

B. Deflection of tangent galvanometer due to this

and another Daniell cell in series . . 62°.4 N.E,

C. The same when the second cell is opposed to

the first 1°.0 N. W.

D. Is the ^d cell stronger or loeaker than the

1st ? Stronger.

e. Electromotive force of stronger cell (see D) by

formula 9, 1 231, aud by Table 5,

A X (tau. J3 + tan. C) H- (tan. £ — tan. C) ==

1.04 X (1.9128 + .0175) -=- (1.9128 — .0175)=
1.04 X 1.9303 -^ 1.8953 = 1.06 volts.

Second Part.

E. Deflection of tangent galvanometer due to 1

Bunsen and 2 Daniell cells in series through

an external resistance of about 2 ohms 62°.0 N. E
G. The sam,e when Hansen cell is opposed to the

two Daniell cells 5°.0 N. E.

JT. Is the Bunsen cell stronger or weaker than the

2 Daniell cells in series ? Weaker.

i. Electromotive force of the two Daniell cells.

{A + e)= 2.10 volts.

j. Electromotive force of the Bunsen cell, by for-

mula 8, 1[ 231 (see D) and by Table 6,

i X (tan. F— tan. (?) -f- (tan. i^+ tan. (?) =
2.10- X (1.8807 —.0875) -=- (1.8807 -f- .0875) =

1.92 voUs.
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EXPERIMENT XCV.

A. First resistance in thermo-electric circuit

in addition to that of the thermo-ele-

ment, of the galvanometer, and of the

connecting wires 0.0 ohms.

B. Corresponding resistance in circuit of
Daniell cell, reducing the current to the

same value as in A 1313 "

C. Second resistance in thermo-electric cir-

cuit in addition to that of the thermo-

dement, of the galvanometer and of

the connecting wires 3.0 "

X>. Corresponding resistance in circuit of

Daniell cell, reducing the current to the

same value as in C 2563 "

e. Increase of resistance in thermoelectric

circuit corresponding to r, formula 10,

1[233(C— ^)= 3.0 «

f Increase of . resistance in Daniell circuit,

corresponding to {B,,— Mi) in formula

10, IT 238 (2> — ^) == 1250 "

g. Electromotive force of (given) Daniell cell

(Example 92, note) 1.04 volts.

h. Electromotive force of thermo-element

(formula 10,11233)

^Xe-4-/= 1.04 X 3.0 H- 1250= 0.0025 "
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EXPERIMENTS XCVI.-XCVII.

A.* Distances between points of con- B.* Oorres/jondim/ deflections of

tact on uniform straight wire. galiianometer with 8000 ohms
added resistance.

1. 10 cm. 7°.

2. 20 cm. 19°.

3. 30 cm. 31°.

4. 40 cm. 40°.

5. 50 cm. 47°-

6. 60 cm. o2°.5

7. 70 cm. 57°.

8. 80 cm. 61°.

9. 90 cm. 63°.5

10. 100 cm. 66°.

^= See Fig; 260, page 527.

C* Deflection due to Daniell cell 48°

2>.* Deflection due to Leclanche cell. 65°

-£'. Deflection due to Bunsen cell

./". Number of cm. in A corresponding to a deflec-

tion -in B of 48° (see C) by iiiterpolation,

50 cm. + (48 — 47) ^ (52.5 -- 4?) X 10 a=

51.8 C2II.

g. Electromotive force of the (given) Daniell cell

(Example 92, note) l.Oi volts.

h. Noinber of volts pel" cm. (ff -r-f) == 0.020 volts per cm.

i. Number of cm. corresponding to deflection 65°

(see D) of Leclanche cell by interpolation,

90 cm.+ (65 — 63.5) -=- (66 — 63.5) X 10=
96.0 cm.

j. t Electromotive force of Leclanche cell

{hXi}= 1.9+ wofo5. t
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k. Number of cm. corresponding to deflection of

Bunsen cell

/. Electromotive force of Buusen cell (A X ^)=
* S. L. B., May, 1888.

t This result {I.% -\- volts) is far too great (see Table

35). The error was probably due to exhaustion of the

Daniell cell used as a standard of comparison. A subsequent

determination of one of the Daniell cells by PoggendorfE's

method (Exp. 99) gave 0.724 volts (H. F. B., May, 1888).

Substituting this value for 1.04 volts in the example, the

electromotive force of the Leclanche cell becomes 1.34 volts.

EXPERIMENT XCVIII.

A.* Distance between points of contact of poles

of Leclanchi cell {mean ofb obs.) . . 64.46 cm.

B.* Distance between points of contact of poles

of Danietl cell (niean of 5 corresponding

obs.) 46.53 cm.

c. Batio of the electromotive force of Leclanche

to that of Daniell cell (4 ^ 5) = . . . 1.385

cl Electromotive force of Daniell cell (Ejiatnple 92,

note) 1.04 volts.

e. Electromotive force of Leclanche cell

{cxd)= . , . 1.42 «

* L. L. H., May, 1886

Note. The Leclanche cells used in the Jefferson Physi-

cal Laboratory (1883 to 1886) had electrofliodve forces 5 or

10 % highet than the value contained in Table 35.

29
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EXPERIMENT XCIX.

A.* Deflection of tangent galoanometer . . . 45°.

2

B.* Resistance of the coil {Exps. 85, 87)- 1.002 ohms,

c. Eeductiou factor of galvanometer (Exp. 83) 1.00

d.' Current in amperes (c X tangent of A),

(see Table 5) 1.007 amperes.

i

Electromotive force of the Daniell cell

(Bxd)= ( 1.01 volts.

Previous determination (Exp. 92) . . ( 1.04 "

* F. S. D., May, 1888.

EXPERIMENT C.

Obsekvations.

A.* Mean difference in megadynes between

the readings of two spring balances .

B.* Number of revolutions per second, re-

ducedfrom obs. lasting 100 sec. .

C* Circumference of the pulley-wheel in

centimetres

Di* Mean current in amperes indicated by

(im ammeter or) tangent galvanometer.

E.* Mean electromotive force in volts indi-

cated [by a voltmeter or its equivalent.)

Calculations,

/. Power utilized by the motor in meg-

ergs per second (A y. B X C )= ,

q. The same in watts,

/^10 =
h. Power spent npon motor in watts

(DXE) =
.

i Efficiency of the electric motor

(?-^A) X 100% .......

ls« set of
obseroa-
iiwis.
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. APPENDIX VI.

FIRST LIST OF EXPERIMENTS IN PHYSICAL MEASUREMENT,

INTENDED TO COVER THE GROUND REQUIRED FOR AD-

MISSION TO HARVARD COLLEGE, BOTH IN ELEMENTARY

AND IN ADVANCED PHYSICS.

Note. The experiments in this list are designated

by the letter A. The abbreviations " H. U. Elem."

and " H. U. Adv." i^efer to lists of experiments pub-

lished by Harvard University, — the elementary list

in October, 1889; the advanced list in June, 1890.

The numbers following the abbreviations refer to the

exercises in these lists to which a given experiment

corresponds. Different parts of experiments are in-

dicated by Roman numerals. Experiments marked
" extra " do not correspond to any pai'ticular num-

bers in the lists, but are suggested as equivalents. A
few experiments covering ground outside of the Har-

vard requirements are also included. If time is lim-

ited, these could naturally be left out, and are marked

accordingly "Omit." The correspondence between

this list and the two Harvard pamphlets is given at

the end' of the list.

Before performing the experiments the student

should read the following sections in Part IH. : In

Chapter I., §§ 1 and 2 ; in Chapter II., §§ 23, 24, 30-

33 ; in Chapter IV., §§ 50, 53-60.
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HYDROSTATICS.

1 A. Find the leugth, breadth, aud thickuess in cm. of a

block of wood, IT 3. Read § 5. Review §§ 1, 2, and 32,

1st paragraph. Calculate the volume in cm. cm. by multiply-

ing the length, breadth, and thickness together.

Apparatus:— Block (wooden solid), and Gauge (vernier).

H. U. Elem., 7 I.

2 A. Find the weight in grams of the block used in 1 A,

as in IT 2. Read §§ 6 and 9, also § 35. Calculate, as in 1[ 1,

the density of the block.

Apparatus : — Balance (6) ; Block (wooden solid) ; Weights

{g). H. U. Elem., 7 II.

3 A. Find the density of water, or better that of a

saline solution of unknown strength, by loading a block of

wood until it floats or sinks indifferently (foot-note page 2);

then find, as in 1 A and 2 A, the volume, weight, and density

of the block. The latter is equal to the density sought.

Read §§ 62, 63, and 64.

Apparatus : — Balance {b) ; Block (hollow) , Gauge (ver-

nier) ; "Weights (ff)
;' Lead, shot, and (salt) water.

H. U. Elem., 10, IT.

4 A. Find the specific gravity of a block of wood by

flotation m water. Mark the water-line in pencil at each

corner, sighting (as in Fig. 6, page 10) the under surface of

the water. Measure the average distances, d and d', of the

water-line from the upper and lower surfaces of the block.

Divide d' hy d -h d', to find the specific gravity in question.

Read §§ 3, 45, and 69. See Harvard Elementary List, Ex.

9, second part.

Apparatus:— Block (wooden, hollow); Metre rod, pencil,

and water. H. U. Elem., 9, III.



FIRST LIST OF EXPERIMENTS. 1037

5 A.* Find the weight required to siuk a Nicholson's hy-

drometer to a given mark in water at, below, and above the

temperature of the room (HIT 6 and 7). Plot a curve as in

Fig. 7, page 12. Read § 4. Review § 59.

Apparatus : — Brush (camel'a-hair) ; Nicholson's Hydrom-

eter; Thermometer, and Weights (eg) ; Hot and cold water.

(H. U. Adv., 1.)

6 A.* Find with Nicholson's hydrometer the weight in air

of some steel bicycle-balls, also that of a small wooden block,

•S 8. Read § 43.

Apparatus:— Balls (steel); Block (small); Brush (camel's-

hair) ; Nicholson's Hydromete'r ; Thermometer, and Weights

(eg). H. U. Elem., 8 I., 9 I.

7 A.* Find with Nicholson's hydrometer the weight in

water of objects used in 6 A (f 10), and calculate their ap-

parent specific gravity (§ 66;.

Apparatus same as in 6 A.

H. U. Elem., 8 II., 9 II.

Note. The blocks of wood must be held down by the

lower pan (l, Fig. 9, page 15), since its weight in water is

negatine. Reverse the pan if necessary and place the block

under it. The weight of water displaced by the block is the

difference between the two weights required to sink the hy-

drometer with the block in air and in water. Divide the

weight of the block by the weight of water it displaces to find

its specific gravity.

* Exps. 5 A, 6 A, and 7 A may be performed with a Jolly (spring)

balance instead of a Nicholson's hydrometer.
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USE OF A BALANCE

8 A. Find the sensitiveness of a balance with loads of

0, 20, 50, and 100 grams in each pan (HIT 20-21). Plot the

results, Fig. 16. Read 1J 22, §§ 25 and 26. Review §§ 30

and 33.

Apparatus :— Balance (a) ; Weights {eg).

H. U. Adv., £.

9 A. Find the ratio of the arm of a balance (U 23). Re-

peat two or three times. Reduce as in ^ 24. Read §§ 41

and 46. Elstimate probable error (§ 50).

Apparatus;— Balance (a); Weight {eg).

H. D., Extra.

10 A. Find roughly the density of air as in Exp. XVII.

(ITIT 44 and 45), calculating the degree of exhaustion,. Com-

pare the observed density with data contained in Tables 19

[and 20] for the same conditions of pre.ssure, temperature,

[and humidity]. Read § 48.

Apparatus :— Balance {b) ; Barometer (aneroid)
; [Hy-

grodeik]; Pump (Richards) ; Rubber Stopper (1 liole); Spe-

cific Gravity Flask ; Stopcock ; Thermometer , Weights {g)

H. U. Elem., 11

Note. Rough observations of the barometer, thermometer,

and hygrodeik will suffice (see Exp. 5).

11 A. Find tlie density of some coal-gas as in Exp.

XVIII. Calculate the density of air as in No. 10 A, from

observations of a barometer, thermometer, and hygi'odeik

(HIT 13, 15). Read §§ 70 and 81 ; see Tables 18 d and e.

Apparatus :— Balance (a) ; Rubber Stopper ; Barometer

(aneroid) ; Hygrodeik ; Specific Gravity Flask ; Thermome-

ter ; Weights {eg), and Coal-gas.

H. U. Elera., Extra
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12 A. Find gross errors (if any) in the reading of a baro-

deik by comparing its indications with results obtained as in

10 A or 11 A. Employ the method of weighing by oscilla-

tions (IT 20). Read §§ 49, 65, and 71.

Apparatus :— Balance (a), with Barodeik ; Barometer

(aneroid) ; Hygrodeik ; Thermometer ; Weights (eg).

H. U. Adv., 7.

13 A. Find the weight of a glass ball in air by a double

weighing, T 28. Weigh also a piece of cork coated with var-

nish. Read § 44. Reduce the results to vacuo by Table 21,

Assnmo that the density of glass is 2.5.

Apparatus :— Balance (a) ; Ball (glass) ; Rings (small) ;

Weights (eg). H. U. Adv., 8.

THE HYDROSTATIC BALANCE.

14 A. Find the weight of a glass ball in water (f 29).

Read §§ 67 and 68. Calculate the volume and density of

the ball.

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Ball

(glass) ; Beaker ; Brush (camel's-hair) ; Stirrer ; Thermom-

eter ; Weights (eg). Supplies : Wire and water.

H. U. Adv., 10, I.

15 A. Find the weight of the cork (in No. 13 A) in water

by attaching a sinker to it, and weighing the sinker in water

with and without cork (IT 29). Calculate the density of the

cork. Read § 34. Consider what assumptions you have

made in this and in other experiments with the hydrostatic

balance. Test the accuracy of one or more of these assump-

tions by weighing the cork in air after weighing it in water.

Apparatus:— Arch (hydrostatic) ; Balance (a) ; Beaker;

Brush (camel's-hair) ; Cork; Sinker; Weights (c^). Sup-

plies : wire and water. H. U. Adv., 12.
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16 A. Find the weight of a glass ball (of No. 13 A) in

alcohol at an observed temperature (IT 30). Calculate the

density of the alcohol (IT 31).

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Ball

(glass) ; Beaker ; Brush (camel's-hair) ; Stirrer ; Thermom-

eter ; Weights {eg). Supplies : "Wire and alcohol.

H. U. Adv., 11.

17 A. Find the readings of a densimeter in glycerine,

watei', and kerosene, and plot curve of corrections, as in

Exp. XV., tlT 39, 40, 41. Read § 36 (3).

Apparatus :— A Densimeter with jar containing glyce-

rine, water, and kerosene. H. U. Adv., 16, I.

18 A. Find the density of three saline solutions by means

of a de'nsimeter, apply corrections found in 17 A. (Exp. XV.,

HIT 39, 40,41.)

Apparatus :—A Densimeter with three jars containing

different saline solutions. H. U. Adv., 16, 11.

19 A. Find the capacity of a capillary tube by means of

mercury. See IT 169, II., and 1 170. Read § 39.

Apparatus :— Balance («) ; Capillary Tube ; Weights

{eg) ; Mercury. H. U. Adv., 55, II.

Note. The student who wishes to take as little as

possible for granted may himself determine the density of

mercury, as in 21 A, before performing this experiment.

The method described in 16 A is also (theoretically) possible,

with, for instance, a platinum ball, which would sink in mer-

cury. Attention is called to Tables 23 A, and 24, also to

23 B, which is intended especially to shorten calculations, in

calibration by mercury.

20 A. Find the capacity of a Specific Gravity Bottle

(1 32). Read f 33.

Apparatus : — Balance (a) ; Specific Gravity Bottle ; Stir-

rer ; Thermometer ; Weights {eg) ; Water.

H. U. Adv., 13.
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21 A. Find the density of alcohol by the Specific Grav-

ity Bottle, and calculate the strength of the alcohol (IT 38).

Use Table 27.

Apparatus : — Balance (a) ; Specific Gravity Bottle ; Stir-

rer ; Thermometer ; Weights {eg) ; Alcohol.

H. U. [Elem. 10, 1.] Adv., 15.

22 A. Find the volume of some steel balls, by the Spe-

cific Gravity Bottle. Calculate their density.

Apparatus:— Balance (a); Balls (steel); Specific Grav-

ity Bottle (IT 34) ; Stirrer ; Thermometer ; Weights {eg) ;

Water. H. U. Adv., 14.

23 A. Find the volume of some crystals of sulphate of

copper by the use of alcohol (HI 36, 37), and calculate their

density.

Apparatus :— Balance (a) ; Specific Gravity Bottle j

Stirrer; Thermometer ; Weights (c^'). Supplies: Alcohol

and crystallized sulphate of copper.

H. U., Extra.

24 A. Find the correction for one reading of p Vernier

gauge (IT 50, I). Read IT 47, but use Table 3, H. K«ad

11 48 and 49 ; also §§ 37, 72, and 73.

Apparatus : — Ball (glass) ; Gauge (vernier) ; Lens

(magnifying). H. U. Adv., 2.

25 A. Find the pitch of a screw (1 50, II.).

Apparatus :— Balls (steel) ; Micrometer Gauge.

H. U. Adv., 3.

26 A. Find the constants- of a spherometer (11 51 and 54).

Apparatus:— Ball (glass); Plate (glass) ;
Spherometer.

H. U. Adv., 4.

27 A. Find the radii of curvature of 2 spherical sur-

faces, 1 55. Read 1 56.

Apparatus : — Lens (magnifying) ;
Spherometer.

H. U., Extra.

Revicv,- Chapter V. (Hydrostatics).
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PRESSURE.

28 A. Find the readings of a manometer under two or

more different pressures (H 78). Find also tlie height of the

barometric column (IT 1-3). Read 1[ 77 and §§ 77, 78 and

79.

Apparatus :— Air Thermotneter and Manometrio Appara-

tus with mercury. H. U. Elem., 6.

29 A. Find the mercurial pressure required to keep air

in "manometer from expanding when heated from 0° to 100°.

(H 76, as far as line 17, page 130.) Reud §§ 74, 75, 76.

Also If 76. Calcukte e by formula, page 131.

Apparatus :— Air Thermometer ; Manometric Apparatus ;

Steam Boiler ; Steam Jacket ; Thermometer.

H. U. Elem., 25.

30 A. Find the fixed points of an Air-Thermometer

(first paragraph, H 73). Read § 80 and IT 74. Calculate e

by formula X., page 126.

Apparatus : — Air Thermometer ; Steam Boiler ; Steam

Jacket ; Thermometer. 11. U. Elem., 26.

31 A. Find the fixed, middle, and quarter points of a

Mercurial Thermometer (Hlf 66, 67, 68, 69, 70). Estimate

tenths of a degree (§ 26).

Apparatus : -^ Beaker (for ice) ; Bunsen Burner ; Steam

Boiler ; Thermometer. Supplies : Gas, ice, and water (or

steam). H. U. Elem., 23 [Adv. 56].

32 A. Find the coefficient of expansion of water between

about 20° and 100° (1[ 59). Read %*S 60 and 61, and § 82.

Review §§ 62 and 63.

Apparatus : — Expansion Apparatus with accessories.

Supply of water and steam.

H. U. Adv., 53 [Elem., 10, III. or IV.].
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33 A. Find the coeflBcient of expansion of alcohol from

about 20° to 40° or 50° Ijy tlie Specific Gravity Bottle.

(Hf 62, -63).

Apparatus : — Balance («) ; Specific Gravity Bottle ;

Stirrer; Therinometer-; Weights {eg). Supplies.: Alcohol

and hot water. H,. U., Extra.

34 ^. Find the coefficient of expansion of glass by the

weight thermometer (T 240).

Apparatus:— Balance (a); Bunsen Burner; Steam

Boiler; Steam Jacket; Tliermometer (weight); Weights

{eg). Supplies : gas, ice^ mercury, and water (or steam).

H. U. Adv., 58.

35 A. Find fhe coefficient of linear expansion of a brass

rod from about 20° to 100° (IT 57). Read § 83.

Apparatus : — Brass Rod ; Micrometer Frame ; Steam

Boiler ; Steam Jacket ; Thermometer. H. U. Elem., 24.

36 A. Find the boiling-point of one or more liquids, and

the melting-point of,paraffine (ITIT 83, 84).

Apparatus :— Stopper (Idiole) ; Test Tube ; Thermometer.

Supplies : Hot water, parafflne, alcohol, etc.

H. U. Adv., 57.

37 A. Find the temperature of the air (IT 15) and the dew-

poini (ir 16). R^-ad IT 17. Obtain the relative humidity

(Table 14, A) and the .pressure of aqueous vapor (Table 15 ).

Apparatus:— Cup (nickel-plated) and Thermometer, with

ice and Rait. H. U., Elem. 22, II.

.38 A. F'ind .the maximum pressure .of aqueous vapor at

about 40° (IT 81).

Apparatus :— Balance (6) ; Rubber Stopper ; Specific

Gravity Flask ; Thermometer ; Weights {g) and hot water.

H. iU. Elem., 22, I.
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CALORIMETRY.

39 A. Find different rates of cooling of a caloi'imeter

(ITU 85, 87). Read 1 86, also §§ 47, 89.

Apparatus:— Calorimeter; Clock; Stirrer; Thermom-

eter. Supply of hot water. H. U., Extra.

40 A. Find the thermal capacity of a calorimeter with

thermometer and stirrer. IT 90 (1), I., and 1 90 (-2) ; f 91,

I. and III. Read §§ 16, 84, 85. Review § 45.

Appa atus : — Balance (b) ; Calorimeter ; Clock ; Stirrer

;

Thermometer ; Weights (ff). Supply of hot water.

H. U. Adv., 60.

41 A. Find roughly the conductivity of sand by means of

a calorimeter (IT 241, I ).

Apparatus:— Balance (5) ; Calorimeter; Clock; Stirrer;

Thermometer; Weights (g). Supply of sand and hot

water. H. U., omit.

42 A. Find the specific heat of lead shot (IT 94, 1.). Read

§§ 86 and 90. Use Formula VII., page 194.

Apparatus :— Balance (b) ; Bottle (ice water) ; Calorime-

ter ; Thermometer ; Weiglits (ff) ; Shot, ice. and water.

H. U. Elem., 27 (Adv. 62).

43 A. Find the specific heat of alcohol or turpentine by

the following electrical method :
* place two equal (ohm)

resistance-coils (Fig. 238, H 212) in two equal calorimeters

(see B., Fig. 239) ; fill one calorimeter with w' grams of

water, the other with w" grams of alcohol
;
pass a current

from 2 Bunsen cells in series (§ 140) through both resistanfte-

* This experiment is taken from the Harvard University List of

Advanced Physical E.xperiments, 1800, Exp. No. 64. It would be

well in repeating it to interchange the contents of the two calorime-

ters (§ 41).
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coils for about 10 minutes ; note the rise of temperature (t')

of the water and (t") of the alcohol. Having found the

thei'mal capacities (c' and c") of the two calorimeters, as in

H 90, 2, we may calculate the specific heat of alcohol by

the formula

_ wt' -\-c'i'—c"t"
*

w" i"

To obtain acccurate results by this method, an allowance

for cooling must be made in estimating the temperatures

w question.

Apparatus : — Balance (6) : Battery (2 Bunsens) ; 2 Ke-

sistance-coils ; 2 Stirrers; 2 Thermometers; Weights (g).

Supplies: Alcohol and water, connecting wires.

H, U- Adv., 64.

44 A. Find the latent heat of liquefaction of water as

follows ; Mix 1 part, by weight, of ice with 5 parts of water

at about 40° in a calorimeter. Note the temperature of

the water before pouring it into the calorimeter, and after the

ice has melted. Calculate the result by formula of IT 102,

neglecting c. Read 1[ 102, also §§ 87, 88, 91.

Apparatus; — Balance (b) ; Shot Heater; Stirrer; Ther-

mometer ; Weights (g) ; ice and warm water.

H. U. Elem., 28 (Adv. 63).

Note. The object of this variation from the method of

IT 101 is to avoid considering the thermal capacity of the

calorimeter.

45 A. Find the latent heat of vaporization of water

essentially as in If 103; but find the temperature of the

water by a single observation before pouring it into the cal-

orimeter, and cut oflT the steam when the water reaches the

temperature of the room. (See note under 44 A.) Calculate

the result by the formula of 1" 104, neglecting c. Read f 104.
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Apparatus:— Balance (b) ; Steam Boiler; Steam Trap;

Stiner : Thermometer ; Weights, {ff) ; Ice aud warm waier.

H. U.. P:iem., 29.

46 Ai. Find tiie heat of combinatioD. of zinc aud uitric

acid (HH 105, I, 106).

Apparatus:— Balance (a); Calorimeter, with glass lin-

ing: Clock; Stirrer; Thermometer; Weights (eg). Sup-

plies: Zinc filings aud dilute Nitric Acid.

H, U., omit.

47 A, Find the heat of combination of zinc oxide and

nitric acid. (1[1[ 105, 2, 106.)

Apparatus same as in 46 A. Supplies : Zmc Oxide aijd

dilute Nitric Acid. H. U., omit.

Review Chapter VI.

RADIANT HEAT AND LIGHT.

48 A. Find the candle-heat power of a kerosene lamp

(1[1[ 111, 112), and calculate that of a lamp burning 8

grams of kerosene per hour (^ 1 13). Koad §§ 94, 95, 148.

Apparatus : — Balance (b) ; Candle ; Clock ; Galvanome-

ter (astatic) , Kerosene Lamp ; Optical Bench : Ther-

mopile: Weights {g). H. U. Adv., 99.

49 A. Find the candle-power of a kerosene lamp by Bun-

sen's photometer (IT 114, I). Read Tl 109. Reduce the

candle-power of the lamp to 8 grams per liour. Use formula

and reasoning of U 1 13.

Apparatus: — Candle; Kerosene Lamp; Optical Bench;

Photometer. H. U. Elem., 34 (Adv. 32).

50 A. Find the principal focal length of a lens by two dif'-

ferent methods (f 116 (1), (2)). Read § 103.



FIRST LIST OF EXPERIMENTS. 1047

Apparatus ; -^ Chimney (perforated) i Kerosene Uwp;
Lens (magnifyiug) ; Optical Beucb.

H. U. Elem,, 36.
51 A. Find the equivalent focal length of a compound

lens as follows r Place two ligliis at two points //' and //"
(Fig. 7, § 104) as far as possible from the lens, and separate
thetn so as to produce the greatest measurable distance be-
tween the images B' and 6". Measure this distance and call

it d. Now substitute the lens from 50 A; focus by moving
the screen ; aud llet the new distance between the images
be (/.'.

Calculate; the foearl; lengtli ^F), ^( the compound lens from
that {F') of the lens in oO A, by the formula^

F^F' X t
a

Read first two paragraphs of § 104. See Harvard List of

Advanced Physical Experiments. No. 45.

Apparatus:— Candle; Kerosene Lamp. 2 Lenses ("doub-

let '' and magnifying lens) ; Metre Rod ; Opticar Bench.

H. U. Elem., 38 (Adv. 45, 46).

52 A. Find several conjugate focal lengths of a lens

(U 1 17, (1), (2), and (3)). Note the size of the images (see

§ 104). Calculate the principal focal length of the lens.

Use formula, page 238.

Apparatus: — Chimney (perforated); Kerosene Lamp •

Lens (magnifying) ; Metre Rod ; Optical Bench.

H. U. Adv., 42 (Elem., 37, L).

53 A. Find the virtual' fbci of several (nearly) plane

mirrors (If 118)- Tell which are convex and' which concave,

remembering that the virtual images (§ 104) of cowweoj mir-

rors are nearer than the objects producing them. Read IT 1 18.

Apparatus : — Mirrors (small) ; Optical' Bench.

H. U. Elem., 35' (Adv. 41).
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54 A. Find 3 virtual foci df a long-focus converging lens

(Tl Il9, II.). Calculate the principal focal length.

Apparatus :— Lens (long focus), aud Optical Bench,

H. U. Elem., 37, II.

55 A, Find the zero-reading (§ 32) of a sextant (H 123).

Read § 97.

Apparatus :— A Sextant. H. U. Adv., 35, I.

56 A. Find by a sextant the angular semidiameter of the

sun (H 124, I.).

Apparatus;— A Sextant. H. U. Adv., 35, II.

57 A. Find the three angles of a prism (H 125),

Apparatus .
— A small Prism ; Kerosene Lamp (with slit);

Spectrometer (or sextan i). H. U. Adv., 50.

58 A. Find the angle of minimum deviation for a ray of

sodium light passing through a prism angle of knovpu magni

tude (111 126, 127). Read 1) 128 and § 102.

Apparatus .
— Prism (used in 57 A) ; Sodium Flame (with

slit) ; Spectrometer (or sextant), H. U. Adv,, 52.

59 A, Find the distance between the lines of a diffrac-

tion grating (H 130). K'ead H 129, | 101.

Apparatus : — Diffraction Grating ; Sodium Flame (with

slit) i Spectrometer (or sextant). H. U., Extra.

SOUND (§§ 92-96).

60 A. Find the wave-le'ngth of sound from a tuning-fork

in a rubber tube (1 131, I,). Read § 100.

Apparatus: — Metre Rod; Rubber Tube; Tuning-Fork

ytube. H. U. Elem., 32.

61 A. Find the wave-length of sound from a tuning-fork

in a resonance tube (H 132). Read §§ 98 and 99. Notice
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that the lengths of the tube corresponding to a given fork

are nearly propor ioual to the odd integers 1, 3, 5, &c.

Apparatus.— fiesonance Tube and Tuning -Fork (A=
220;. H. U Adv., 26.

62 A. Find the pitcli of a tuning-fork by the graphical

method (1 139). Read §§ 7 and 96.

Apparatus :— Smoked Glass app, ; Tuning-Fork (c =^ 64).

H. L. Elem., 31.

63 A. Find the pitch of a tuning-fork by the toothed

wheel (H 144). Read If 145.

Apparatus : — Toothed Wheel apparatus ; Tuning-Fork

(c=64). H.U., Extra.

64 A. Find the musical interval betvjfeen two tuning-

forks by means of a monochord (If 133,111.). Read 1[ 134.

Apparatus:— A Monochord and 2 Tuning- Forks (A==
216 to 220, c= 256). PI, U. Adv., 24.

Note. A musical ear is of service in making rapidly the

necessary adjustments of a monochord, but is not absolutely

necessary for this experiment. Unison between the fork and

string may be tested by touching the base of the fork to the

end of the string. If unison exists the fork should commu-

nicate its vibration to the string.

If I is the length of the string and m its mass per unit of

length, the number of vibrations (n) produced in one second

by a stretching force (f) in dynes (^qual to wg if w is the

stretching weight) may be found by the formula—

21 f^ m
Students not preparing for Harvard College may substitute

U 133, I. or II. for 1 133, III.

65 A. Find by Lissajous' curves (H 143) the musical in-

terval between two C-forks 2 octaves apart, also find the

30
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iH'U&ieal. interval between the higher of tliese fonks and a Gjf

fork two " octaves" and a "third" beJow it. Read HH 13.4

and 142.

Apparatus:— Lens (small) ; 3 Tuning- Forks (C'=:2S6,

C'= 64, 6r8=51.2); Kerosene Lamp for sjuDkiBg^. and

sealing wax. H, U. Adv., 29.

Note. Instead of the forks mentioned above, two A-forks

and a i>-lbrk maj, be used {A == 21.6, ^ =: 54, JJ ^=.72) or

only 2 forks (C= 64, V= 128), as suggested iu, 1 143. The

advantage of using three forks is that the labor and ap-

paratus required in the next experiment may be greatly

reduced

.

66 A. Find the pitcb of a set of forks, CGvering a known

musical interval by the method of beats (H 141). Read

H 140-.

Apparatus: — A clock and 5 tuning-forks, 6rjf==6k2,

A= 54„ A^ =o7, £— 60, C= 6,4.

H. U. Adv., 25.

Note. If-,in the last experiment (No. 65 A.) an A-
and a -£'-fork were used, 6 forks will now be required",

namely : A = 5A, A%=b7, B= 60, C= 64, Q= 68, and

I)= 11. If only two forks were used ( = 64 and C= 1 28),

a set of 1 7 forks will be necessary to cover the interval in

question.

The results of the last experiment (No. 65 A.) are redu-

cible to the form (see H 142, formula I.),

P =M, ja, -f c (1), and P =:.«,. jOj -|- c^ (2) ;

henqe, substracting (2) from (1), we have

"ijfi — '"ai»2= <?2— c, (.3)..
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Now from thisi experiment (No. 65 A) we find

Pi —Pi =P (4) ; wlience n^ p^— n^Pi^n^P (5)-.

Adding (3) and (5) we ha^e finally

(«!— "a) Py = >h P 4-62— Ci (6),

where Mi and'^a represent the respective numbers of lobes

visible when the first and whea the second of two forks are

compared with a third fork higher than eitlipr of them
; jOj the

pitch of the first fork, p the excess of the second fork over tlie

fl^rst, C2 — Ci the algelJraic excesses of the third' foi-k over the

nearest harmonic df the first and second, respectively. The

pitch of the forks chosen above is such that »?2— «!= 1

.

If they are carefiilly tuned or loaded, Ci and Cg may be mad«

nearly equal or both very small, so that in either case Cjj— c\

may be neglected. After any such adjustment of pitch the

observations named in Nos. 65 and' 66 must of course be re-

peated.

67 A. Find the pitch of.the note due to longitudinal

vibrations in a wire (1 248 I) either by a pitch-pipe (Fig. 273),

or (in the absence of a musical ear) by a resonance tube,

11 132, 134, II. Calculate the velocity of sound in the

wire (1 2.48).

Apparatus :— A Pitch-Pipe (or Resonance Tube) ; Tape

Measure: Wires; Cloth, Resin, etc.

^
H. U. Adv., 27.

68 A. Find the pitch of the note due to torsional vibra-

tions in a wire (t 248, II.), either by a. pitch-pipe or by a

resonance tube. Calculate the velocity of these torsional

vibrations in the wire.

Apparatus : — Same as in 67 A.

H. U., Extra.

69 A. Find the velocity of sound (IT 135 (1), (2)„ & (3)

;

1136, first paragraph; f 137, III.). Read H 138, 133
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»

(4) ; also §§ 8, 10, 92 and 93. Use formula II, page

281,

Apparatus : — Clock ; Signalling Apparatus ; Tape Meas-

ure. H. U. Elem., 30.

Review Chapter VII

VELOCITY.

70 A. Find the velocity (v) of a bullet by a ballistic pen-

dulum (^ 147, (7)) as follows: Find the weight (m) of the

bullet and that {M) of the pendulum ; measure the leijgth

(-4 C) of the suspending cords. Project the bullet into the

pendulum. Let the pendulum be caught by a ratchet at its

furthest point. Measure the distance {A. B. Fig. 9,§ 109)

through which it has swung. Read §§ 11, 12, 106 and 109.

Calculate the velocity p''^of the pendulum by the formula

V=AB.^^^ (see§ 109.)

Now read §106. The impulse ft which the bullet gives the

pendulum may be measured either (1) by the momentum

lost by the bullet, that is, m (y
'— V), or (2) by that gained

by the pendulum (MV) ; hence M V:^ m (v— V), or

V=^+^y (see f 147, 7).m

Apparatus :— Ballistic Pendulum ; Bullet (with means of

projecting it) ; Clock ; Metre Rod.

H. U. Elem., Extra,

71 A. Find the average velocity of a falling body (If 148).

Read §§ 107, 108 and 111. Calculate the acceleration of

gravity.

Apparatus :
-— Clock ; Falling Body Apparatus ; Metre

Rod. H. U. Adv., 18.
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72 A. Find the length of a seconds, ^ seconds and ^ sec-

onds pendulum (^ 149). Tabulate results as on page 319.

Read.§§ 28, 29, 40, 61, and 110.

Apparatus:— Clock; Metre Rod ; Pendulum (simple).

H. U. Elem., 19 (Adv., 17).

73 A. Find the relative masses of two billiard balls as

suggested on pages 312-313. Make a series of experiments

all performed in exactly the same manner. Have a metie

rod fixed in position, at one time so as to measure the dis-

tance -4 :A", at another time the distance £ S", etc.

Apparatus : — Balls (billiard) ; Metre Rod.

H. U. Elem., 20.

74 A. Find the mass of a lead bullet by the method of

oscillations (If 154). Read % 155.

Apparatus : — Clock, Spiral Spring Apparatus ; Weiglits

(eg) and lead bullet. H. U. Elem., 18.

FOBCE AND ELASTICITY-.

75 A. Find the weight in kilograms of a 28-lb. weight,

(f 159, 1) ; a 56-lb. weight (If 159, 2 and 159, 3), and a

4-lb. weight (f 159, 4), using a le^er and 1 or 2 spring bal-

ances of 10 kilos capacity.

Apparatus : — Balances (spring, \Qk.); Lever; Weights

(safety-valve) with cords. H. U. Elem., 14.

76 A. Find with 1 or 2 spring balances of 10 kilograms

capacity and a system of cords, the weight in kilograms of a

4-lb. weight (IT 159, 5), and of a 56-lb. weight (f 159, 6)-

Read § 105.

Apparatus : — Balances (spring 10 A.) ; Weights (safety

valve) with cords. H. U. Elem., 12.
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77 A. Find the weight of a board, as in %% 160 and 161.

Eead§ 112.

Apparatus : — Plank (1 X 6 ft.); Pendulum (simple).;

Triangalar supports ; Weights (safety valve).

H. U. Elem., 17.

78 A. Find the stiffness of 5 beams by bending them

(If 162). Read §115.

Apparatus : — Beam '(steel) Micrometer ; Triangular sup-

ports ; Weights (%). H- U. Elem., 3.

79 A. Find the (torsional) stiffness of 2 or more rods by

twisting them (f 164). Read §§ 13, 1 15 and 1 1 6.

Apparatus : — Balance (spring, 10 k.) and Torsion Ap-

paratus. H. U. Elem., 4.

80 A. Find the coefficient of torsion of wire by a tor-

sion balance (1 165). Review § 116.

Apparatus :— Gauge (micrometer) ; Metre Rod ; Torsion

Balance ; Torsion Head ; Weights (eg).

H. U. Elem., 15.

81 A. Find Young's Modulus of Elasticity for a wire

(1167). Read §114.

Apparatus : — Gauge (micrometer) ; Micrometer (elec-

tric) ; Tape measure ; Weights (kgi) ; Young's Modulus

Apparatus. H. U. Elem., 2 (Adv., 54)-

82 A. Find the breaking strength of several wires (first

paragraph, 1[ 168). Weigh a known length of the wire, and

calculate what length would break under its own weight.

Read 1 168.

Apparatus : ^- Balance (spring, 10 k.) ; Bobbins and

Wires. H. U. Elem., 1.

83 A. Find the surface tension of water by meansof the

capillary tube of No. 16 A (IT 169, II.). Read H 170.

Apparatus :— Beaker; Capillary Tube ; Metre Rod; Ther-

momSter. H. U. Adv., 55, U.
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84 -A. Find Tjy two methods the coefficient of frioiiou of

wood on wood (IT 171, I., II.). -Review § 103.

Apparatus : — Balance (spring, 10 k.) ; Board and Plauk
;

Weights (kg). H. U. VAem , 13.

85 A. Find the efficiency of a pulley (l)for raising heavy

weights and (2) for multiplying motion (1 173). Read

§§ 14 and 117.

Apparatus :^ Balance (spring, 10-A;.) ; Metre Eod ; Tackle

;

Weights (safety-valve). H. U. P^lem., .21.

86 A. Find the efficiency of a Water Motor (IT 174).

Read 1 175, also §§ 15, 1L8.

Apparatus:— Balance (rough); Clock; 2 Spring Bal-

ances; Jar,; Tape Measure; Water Motor (with pressure

gauge) weights (^^f). H.. \J..,omit.

87 A. Find s(roughly) the mechanical equivalent of heat

by means of lead shot (IT 177, first paragraph). Read

lir 176 and 178.

Apparatus :— Paste-board Tube (with corks) ; Thermome-

ter, and some Lead Shot. H. U. Adv., 65.

Review Chap. VIII., as far as § 119. Read §§ 1 1 9-122.

MAGNETISM.

88 A. Find the distance between the poles of a magnet

by means of iron-filings, and confirm hy a small compass-

needle (H 179). Read §§ 126 and 127.

Apparatus:— Compass (vibrating); Magnet (compound);

Iron Filings ; Photographic paper and pencil.

H. U. Elem., 40.

89 A. Find the attraction and repulsion between two

parallel magnets at a given distance (IF 180). Estimate the

strength of the poles (1 181). Eeadi? 17 and 129.
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Apparatus :— Balance (a) ; 2 Blocks (cm. cm.) ; Qauge

(vernier) ; 3 Magnets (compound) ; -Weights (eg).

H. U., Extra.

Note. In this and in following experiments, the distance

between the poles of the (short) compound magnets may be

called equal to ^^ the length of the magnet (see H 179).

90 A. Find the couple exerted by the Earth's Magnetism

upon magnets by means of torsion (H 182). Estimate " H."

Read § 128.

Apparatus :— 3 Magnets (compound) ; Torsion Head and

Wire tested in No. 80, A. ; Wax, and Pins to serve as sights.

H. U. Adv., 68, I.

91 A. Find the deflection of a compass-needle due to

a magnet of known strength (from No. 89 A) at a given dis-

tance (t 183). Read IfH 184 and 185. Estimate " H."

Calculate the true value of " H " from the estimates in Nos.

90 A and 91 A.

Apparatus : — Compass (surveying) ; 3 Magnets (com-

pound) ; Metre Rod. H. U. Adv., 68, H.

92 A. Find the distribution of magnetism on a magnet

by the method of vibrations (IT 186). Plot a curve (Fig.

205). Estimate the distance between the poles.

Apparatus :— Clock ; Magnet (vibrating needle) ; Magnet

(long-bar) ; Metre Rod ; Test-tube. H. U. Adv., 66.

93 A. Find the distribution of magnetism on a magnet by

means of an induction coil (IT 189). Plot the curve and es-

timate the distance between the poles as in No. 92 A. Read

§ 147, also HIT 187 and 188.

Apparatus :— Galvanometer (astatic) ; Helix (sliding)
;

Magnet (long-bar) ; Metre Rod. H. U. Adv., 69.

94 A. Find the magnetic dip by the Earth-Inductor (If 192),

and confirm by means of a dipping needle. Read HIT 190

and 191. Review § 128.



FIRST LIST OF EXPERIMENTS. 1057

Apparatus : — Earth-Inductor ; Galvanometer (astatic,

loaded so as to answer for a ballistic galvanometer), and a

Level. H. U. Adv., 70.

ELECTRICAL CURRENT MEASURE,

§§ 18, 19, 130, 131.

95 A. Find the relative strength of battery currents from

a 1-fluid cell under given conditions (IT 208, (1) to (8)).

Read §§ 123, 124, and IT 207. Rtduce results as in f 209,

and plot them as in Fig. 237.

Apparatus: — Battery (1 Daniell); Compass (vibrating)
;

Galvanometer. (The porous cup is to be removed from the

Daniell cell.) H. U. Elem., 41.

96 A. Find the deflections of a tangent compass at the

centre of a coil of wire due to currents from a Daniell cell

under the conditions of H 208 (9) to (12). Plot the results

as in 95 A. Weigh the zinc and the copper before and after

the experim.ent, and calculate the gain or loss of weight in

each case. Read § 144. RevievF 1 209.

Apparatus : — Balance (b) ; Battery (1 Daniell) ; Compass

(surveying); Galvanometer; Weights (ff).

H. U. Elem., 42.

97 A. B'ind the constant and reduction fnctor of a Sitigle-

Ring Tangent Galvanometer (ITII 198, 199, formulae (5)

and (6)). Read §§ 18, 19, 132 and 133.

Apparatus :— Battery (6 Daniell); Galvanometer (S. R.),

and connecting wire. H. U. Adv., 71, I.

98 A. Find the reduction factor of a Double-Ring Galvan-

ometer by the method of comparison (IF 201). Read U 200.

Apparatus:— Battery (2 Daniell); 2 Commutators; 2

Galvanometers (S. R. and D. R.), and connecting wire.

H. U. Adv., 73.
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99 A. Find the reduction factor of au Astatic Galvan-

ometer by the method of comparison (H 201), as follows:

Connect the astatic galvanometer in series with a rheostat

of several thousand ohms resistance, a tangent galvanometer,

and a battery. Arrange a shunt of about 1 ohm resistance

so as to cut out the" rheostat and astatic galvanometer.

Change the resistances of the shunt and rheostat so that both

galvanometers may give measurable deflections (e. g. 4o°.

Read § 38). Note what plugs are removed from the rheostat,

also the length, diameter, and material of the shunt. Calcu-

late the reduction factor of the combination as in the last

experiment (No. 98 A).

Apparatus : — Battery (1 Daniell) ; 2 Galvanometers (as-

tatic and D. R.) ; Gauge (micrometer) ; Metre Rod; Resi.-t-

ance Box ; 1 Metre of German silver wire (about No. 25

B. w. G.). H. U. Adv., 86.

Note. If H, G, and S are the respective resistances of

the Rheostat, Galvanometer, and Shunt, and if /is the re-

duction factor of the combination, the reduction factor {i) of

the astatic galvanometer alone is—
i= IX ^

The Galvanometers should be m=irked and the shunt laid aside

for Exps. No. 101 A and 108 A, respectively ; or the whole

experiment (No. 99 A) may be deferred until Q and S have

been determined.

100 A. Find the reduction factor of a Dynamometer by

comparison with a Single- Ring Galvanometer (H 204). Read

11202, § 131.

Let C be the current in amperes indicated by the galvan-

ometer, and a the angle of torsion in the dynamometer ; then

we find the reduction factor D by the formula—

V" a
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Apparatus:— Battery (3 Bunsen or 6 Dauiell) ; 2 Com-

mutators; Dynamometer; Galvanometer (S. R.), and con-

necting wires. H. U. Adv., 98, I.

101 A. Find by measurement the reduction factor of a

Dynamometer (1[ 203). Read §§ 134 and 135.

Use the formula

i>=10|/J^.

Calculate the current C in No. 100 A by the formula

then find 1 and ^ as in IT 204.

Apparatus : — Dynamometer ; Gauge (vernier, long) ; Tor-

sion Balance, and Weights {eg). PI. U. Adv., 98, If.

102 A. Find the reduction factor of a galvanometer by

the electro-chemical method (f 205). Calculate "11"

(IT 206). Read §§ 142 and 143.

Apparatus: — Balance (a); Battery (Daniell); Clock;

Commutator ; Galvanometer (S. R.) ; Weights {eg) and a

spiral of copper wire. H. U. Adv., 71, 11.

Review CiiAPTER IX., omitting § 124.

ELECTRICAL RESISTANCE.

103 A. Find the electrical resistance of a coil of wire by

the method of heating (ITIT 212, 213). Read §§ 20, 136,

and 137.

Apparatus : — Balance (6) ; Battery (2 Bunsen) ;
Cal-

orimeter ; Resistance-Coil ; Stirrer ;
Thermometer ;

Weights

/^N H. U. Adv., 78.

104 A. Find the length of copper wire about \ mm. in

diameter (No. 31 b. w. g.), which can be substituted for a
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1-ohm coil
(
G) in the circuit of a Daniell cell {B) and gal-

vanometer
(
G) — see Fig. 243, page 476 — widiout cliaiig-

ing the deflection. Repeat with a double wire, with a Ger-

man silver wire of the same diameter, and with one of twice

the diameter, or 4 times the cross section (about No. 25 b.

w. G.). Read IT 218, also § 1 40.

Apparatus :— Battery ( 1 Daniell) ; Compass (surveying) ;

Galvanometer; Resistance-Coil (1 oliui) ; and wires as stated.

H. U. Elem., 44 (Adv., 76).

105 A. Find the (external) resistance of a circuit, as fol-

lows : First, note the deflection of the galvanometer due to

each one of two equal cells, then join the cells in series (Fig.

20, § 146), and include German silver wire enough in the

circuit to give the same (average) deflection as before.

Apparatus : — Battery (2 Dauiell) ; Compass (surveying) ;

Galvanometer with German silver wire.

H. U. Klem., 45, 1. (Adv. 77, I).

Proof. Since the electromotive force is doubled (§ 146)

and the current is the same, the total resistance must be

doubled. Now the internal resistance (§ 140) is doubled,

hence the external resistance must also be doubled. The

resistance added is accordingly equal to the original external

resistance.

106 A. Find the electrical resistance of a conductor by

means of a differential galvanometer (If 216).

Apparatus : — Battery (1 Daniell) ; a Galvanometer

(astatic with differential connections) ; the Helix of No. 93 A ;

a Key ; and a Resistanee-Box. H. U. Adv., 85.

107 A. Find gross errors (if any) in a resistance-box by

means of a Wheatstone's Bridge (IT 217). Use as a (rough)

standard of comparison the resistance-coil tested in No. 103 A.

Select a resistance-box in which no gross errors are discov-
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ered, and assume in futui-e that the resistances are accurate.

Read §§ 42 and 141.

Apparatus:— B. A. Bridge; Battery (1 Dauiell) ; Gal-

vanometer (astatic) ; Resistance-Box and Resistance-Coil.

H. U. Adv., 81.

108 A. Find by Wheatstone's Bridge the resistance of

the shunt used in No. 99 A, H 217, and calculate the specific

resistance of the material of wliich it is made (H 218). Read

1T219.

Apparatus:—A B. A. Bridge; Battery (1 Daniell)

;

Galvanometer (astatic) ; and Sliunt.

H. U. Adv., 82.

109 A. Find the resistance of a galvanometer by Thorn-

sou's method (H 220). Read H 221.

Apparatus :— Same as in Exp. 108 A, plus a magnet.

H. U. Adv., 90.

110 A. Find the Resistance of a battery by Mauce's

method (f 222). Read f 222 a.

Apparatus :— A B. A. Bridge ; a Battery (1 Daniell)
;

a Galvanometer (astatic) ; a Key; a Magnet (compound

small) ; and a Resistance-Box. H. U. Adv., 89.

111 A. Find the mean resistance of a Daniell cell as

follows : Note the deflection of each of two cells as in 105 A,

and join them in multiple arc (Fig. 19, § 146). Include in

the circuit enough German silver wire to give the same aver-

age deflection as before. Calculate the resistance of this

wire, and multiply it by 2 to find the resistance sought.*

Pkoop. Since the current and electromotive force are

unchanged (§ 146) the total resistance is unchanged (§ 1.S8).

The resistance added is therefore equal to the decrease in the

* It is not necessary to cut the wires in 106 A and 111 A. A

greater or less length may be included between two clamps, as in

t 237. The wires should be kept straight, as in Fig. 249, page 486.
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battery resistance caused by arranging the cells in multiple

arc. Now this is half the resistance of a siilople cell, there-

fore, etc.

Apparatus : — Battery (2 Daniell) ; Compass (surveying)
;

Galvanometer, clamps and wire,

H. U. Elem. 45, II. (Adv. 77, II.).

112 A.' Find the resistance of a battery by Ohm's method

(f 225). Read § 138.

Apparatus: — A Battery (I Daniell); Galvanometer

(S. K.) and Resistance-Box. H. U. Adv., 75.

Note. The battery cell should be marked so that it can

be identified later on.

113 A. Find the resistance of a battery by Thomson's

method as follows: Connect a Daniell cell {B, Fig. 253, page

499) with an astatic galvanometer ((?), through a resist-

ance box {R), with enough plugs removed to reduce the de-

flection of the galvanometer to about 45°. Now connect the

poles of the battery with a shunt {S) (of about 1 ohm's re-

sistance), and find what resistance (r) in the galvanometer

circuit will give the same deflection as before. Calling the

respective resistances of the Resistance-Box, Galvanometer

and Shunt, R, Cand S, we find the battery resistance by the

formula

R—rB=S:+G'
Apparatus :— Battery (1 Daniell) ; Galvanometer (astatic)

;

Resistance-Box ; Shunt. H. U. Adv., 88.

114 A. Find the resistance of a battery by Beetz'

method (t 229). Read HIT 226-228.

Apparatus : — 2 Batteries (2 Daniell, 1 Leclanchd) ; Gal-

vanometer (astatic) ; 2 Keys; Resistance-Box.

H. D. Adv., 91.
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ELECTROMOTIVE FORCE (Read § 139).

115 A. Find the electromotive force of a battery by the

method of opposition (IT 230 (7)). Use 5 or 6 Daniell cells

and 3 Bunsen cells iu series, with an astatic galvanometer

and resistance-box. Estimate the electromotive force of the

Daniell cells from that of the single cells tested in No. 112 A.

(See H 230 (2)). From this find that of the Bunsen cells.

Read § 21 and § 145.

Apparatus :— Named above.

H. U. Adv. 93.

Note. If no number of Bunsen cells can be made to bal-

ance (approximately) any whole number of Daniell cells,

notice the deflection of the galvanometer (which should be

small) in two cases, and use the method of interpolation

(§ 41).

1.6 A. Find the electromotive force of a Bunsen cell by

Wiedemann's method (1 231).

Apparatus: — 2 Batteries (1 Bunsen, 2 Daniell); Gal-

vanometer (S. R. or D. R.). H. U. Adv., 95.

117 A. Find corrections for a Volt Meter (IT 231). Plot

the results (Fig. 260). Read § 139.

Apparatus:— B. A. Bridge; Battery (2 Daniell); Gal-

vanometer (astatic with extra slides) ; Resistance-Box.

H. U. Adv., 92.

118 A. Find the electromotive force of a Bunsen and a

Leclanche cell by a volt-meter (1 235).

Apparatus:— Batteries (1 Bunsen, 1 Leclanche, &c.)';

Galvanometer (astatic); Resistance-Box.

H. U. Adv., 74.
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119 A. Fiud the electromotive force of a Daniell cell by

Poggendorff's absolute method (IT 237).

Apparatus:— 2 Batteries (1 Daniell, 1 or 2 Buiisen)
;

2 Galvanometers (astatic and S. R. or D. R.) ; Resistance-

Coil. H. U., Extra.

120 A. Find the efficiency of an electric motor (H 238, 1).

Apparatus : — 2 Balances (spring) ; Battery (2 or 3 Bun-

sen) ; Clock; 2 Galvanometers (astatic and S. R. or D. R.);

Motor (electric, small) ; Revolution Counter ; Resistance- Box.

H. D., omii.

Review Chap. X.

Review Chap. I-III.

General Review.

The list of experiments given above covers the ground of

42 of the Harvard elementary experiments, viz.: Nos. 1-4;

6-32 ; 34-42, and 44-45. It covers also the ground of 64

advanced experiments, viz.: Nos. 1-4; 7-18; 24-27; 29;

32 ; 35 ; 41-42 ; 45-46; 51-58 ; 60 ; 62-66 ; 68-71 ; 73-78
;

81-82 ; 85-86 ; 89-90
;
91-93 ; 95, and 98-99.

Two of the elementary experiments have practically been

counted double, so that the real equivalent is 40 elementary

experiments. To replace 11 of the advanced experiments

anticipated by the elementary course, viz. : Nos. 17, 32, 41,

45, 46, 54, 56, 62, 63, 76, and 77, eleven extra experiments are

suggested, namely, Nos. 9 A, 11 A, 23 A, 27 A, 33 A, 39 A,

59 A, 63 A, 68 A, 70 A, and 119 A. The exact correspon-

dence of the regular experiments is shown in the schedule

below. [The brackets indicate repetition.]



FIRST LIST OF EXPEKIMENTS. 1065

Elementary Couusb.

Harvard
Elem.
No.
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APPENDIX VII.

SECOND LIST OP EXPERIMENTS IN PHYSICAL MEAS-
UREMENT INTENDED TO COVER THE GROUND
REQUIRED FOR ADMISSION IN ELEMENTARY
PHYSICS TO HARVARD COLLEGE.

Note. The experiments in this list are designated by the

letter B. The abbreviations are the same as in the first list

(see Appendix VI., page 1035).

1 B. Find the length, breadtli, and thickness in cm. of a

block of wood by several measurements of each of its dimen-

sions (IT 3). Read §§1,2 and 5. Calculate the volume in

cu. cm. by multiplying the length, breadth, and thickness

together.

Apparatus : — Block (wooden solid), and a Gauge (vernier).

H. U. Elem., 7, I.

2 B. Find the weight in grams of the block used in 1 B.,

as in IT 2. Eead §§ 6 and 9. Calculate as in IT 1 the density

of the block.

Apparatus: — Balance (li) ; Block (wooden solid);

Weights {g). H. U. Elem., 7, II.

3 B. Find the density of water, or better that of a saline

solution of unknown strength, by loading a block of wood

until it floats or sinks, indifferently (foot-note, page 2), then

finding as in 1 B and 2 B the volume, weight, and density

of the block. The latter is equal to the density sought.

Read § 64.

Apparatus : — Balance ; Block (hollow) ; Gauge (vernier)

;

Weights (^) ; Lead shot and (salt) water.

H. U. Elem., 10, II.
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4 B. Find the specific gravity of a block of wood by flota-

tion in water. Mark the water-line iu pencil at each corner,

and calculate, as in 4 A, the specific gravity of the block.

Read §§ 3 and 69.

Apparatus:— Block (wooden, solid) ; a Metre Eod; a

pencil and water. H. U. Elem., 9, III.

5 B.* Find the weight required to sink a Nicholson's hy-

drometer to a given mark iu water, at, below, and above the

temperature of the room (HIT 6 and 7). Plot a curve as iu

Fig. 7, page 12. Read § 59.

Apparatus : — Brush (camel's-hair) ; Nicholson's Hydrom-

eter ; Thermometer and Weights [cy) ; Hot and cold water.

H. U. Elem., omit.

6 B.*. Find the weight in air of some steel bicycle balls,

also ihat of a small wooden block, by Nicholson's Hydrometer

(ITS).

Apparatus : — Balls (steel) ; Block, (small wooden) ;

Brush (camel's-hair) ; Nicholson's Hydrometer ; Thermom-

eter and Weights {eg).

H. U. Elem., 8, I., 9 T.

7 B.* Find the weight in water of objects used in 6 B

(1 10), and calculate I heir apparent specific gravity (§ 66).

Apparatus same as in 6 B.

H. U. Elem., 8 II., 9 II.

See Note under 7 A.

8 B. Find the (apparent) specific gravity of kerosene as

follows : Weigh a bottle when empty, when filled with

water, and when filled with kerosene. Calculate (by subtract-

ing the weight of the empty bottle) the weights of water and

of kerosene required to fill the bottle. Divide the weight of

* Experiments 5 B, 6 B, anrl 7 B, may be performed with a Jolly

(spring) balance instead of Nieholson's Hydrometer.
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keiosene by the weight of water to find the specific gravity

in question.

Apparatus : — Balance (b) ; Specific Gravity Flask, kero-

sene and water. (More exact methods are considered in

Exps. XI. and XIV.) H. U. Elem. 10, I.

9 B. Find the (apparent) specific gravity of kerosene by

the 1st method of balancing columns (H 42, page 63). Read

the 1st and last paragraphs of 1[ 43, also §§ 62 and 63. Use

formula, page 66.

Apparatus : — Metre Rod and U-tuhe, with glass tubes

and rubber couplings. H. U. Ulem., 10, ill.

10 B. Find the (apparent) specific gravity of glycerine by

the 2d method of balancing columns (U 42, page 64). Read-

ings and calculation the same as in 9 B.

Apparatus :
:— Metre Rod, Stop-cock and 7 tube, with glass

tubes and rubber couplings. H. U. Elem., 10, IV.

11 B. Find the readings of a densimeter in glycerine,

water, and kerosene, and plot curve of corrections as in Exp.

XV. (liH 39, 40, and 41).

Apparatus:— A Densimeter with jars containing glyce-

rine, water, and kerosene.

H. U. Elem., omit.

12 B. Find the density of three saline solutions by means

of a densjmeter, applying corrections found in 1 1 B. (Exp.

XV., Tin 39, 40, and 41.)

Apparatus :— A Densimeter with 3 jars, containing difier-

ent saline solutions.

H. IT. Elem.. omit.

13 B. Find roughly the density of air (as in Exp. XVI.)

(HIT 44 and 4.i). Calculate the degree of exhaustion.

Apparatus:— Balance (5); Pump (Richards) ; Rubber

Stopper (1 hole) ; Specific Gravity Flask ; Stopcock ; Ther-

mometer ; Weights {g).

H. U. Elem., 11.
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14 B. Find the density of some coal-gas, as in Exp.

XVIir. (IT 46). Read §§ 70 and 81. See Tables 18,

d and e.

Apparatus : — Balance (4) ; Rubber Stopper ; Specific

Gravity Flask ; Thermometer ; Weights (6) and coal gas.

H. U. Elem., Extra.

15 B. Find the temperature of the air (H 15), and the

dew-point (H 16). Read 117. Obtain the relative Inimid-

ity (Table 14 A), aud the pressure of aqueous vapor

(Table 15).

Apparatus:— Cup (nickel-plated), and Thermometer,

with ice and salt. H. U. Elem., 22, II.

1

6

B. Find the maximum pressure of aqueous vapor at

aboijt 40° (H 81).

' Apparatus :— Balance (b) ; Rubber Stopper ; Specific

Gravity Flask ; Thermometer ; Weights {g) , and hot water.

H. U. Elem., 22, I.

17 B. Find the maximum pressure of ether vapor at about

20° by the second method suggested in IT 80.

Apparatus : — Medicine Dropper, Rubber Stopper (2

holes) ; Specific Gravity Flask ; Thermometer, glass tubes,

ether, and mercury. H. U. Elem., Omit.

18 B. Find the barometer pressure as in the first para-

graph of IT 13, testing as in the first paragraph of 1 14,

then find the pressure of ether vapor by the first method

suggested in H 80. Read IT 80.

Apparatus :— Barometer '(aneroid) ; Barometer Tube •

Medicine Dropper ; Thermometer, glass tubes, and mercury.

H. U. Elem., omit.

19 B. Find readings of a manometer under two or more

different pressures (H 78). Read H 77, and §§ 77, 78, and

79:

Apparatus :— Air Thermometer and Manoraetric Appara-

tus, with mercury. H. U. Elem., 6.
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20 B. Find the mercurial pressure required to keep air

in niauometer from expanding when heated from 0° to 100°

(IT 76, as far as line 17, page 130). Read §§ 74, 75 and 76

;

also "IF 76. Calculate e by formula, page 131.

Apparatus :— Air Thermometer ; Manometric Apparatus ;

Sream Boiler ; Steam Jacket ; Thermometer.

H. U. Elcm., 25.

21 B. Find the fixed points of au air-thermometer (first

paragraph, 1 73). Read § 80 and IT 74. Calculate e by

formula X., page 126.

Apparatus :— Air Thermometer ; Steam Boiler ; Steam

Jacket ; Thermometer. H. U. Elem., 26.

22 B. Find the fixed points of a mercurial thermometer

(H 69), estimating tenths of a degree (see Fig. 52, IT 68).

Read §§4 and 26 ; also first paragraph of IT 70. Refer to

Table 14. Calculate corrections for the thermometer at 0°

and 100°.

Apparatus : — Barometer (aneroid) ; Steam Boiler; Ther-

mometer ; and ice. H. U. Elem., 23.

23 B. Find the coefficient of linear expansion of a brass

rod from about 20° to 100° (H 57). Read §§ 82 and 83.

Apparatus : — Brass Rod ; Micrometer Frame ; Steam

Boiler; Steam Jacket ; Thermometer. H. IJ. Elem., 24.

24 B. Find the specific heat of lead shot (H 94, I.). Read

§§ 84, 85, 86 and 90. Use Formula VII., page 194.

Apparatus : — Balance (5) ; Bottle (ice water) ; Calorime-

ter ; Thermometer ; Weights (g), shot, ice, and water.

H. U. Elem., 27.

25 B. Find the latent heat of liquefaction of water, as in

44 A (First List of Experiments) . Read IT 102, also §§ 87

and 91.

Apparatus :
— Balance {b) ; Shot-heater ; Stirrer ; Ther-

mometer; Weights (gr), ice, and warm water.

H. U. Elem., 28.
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26 B. Find the latent heat of vaporization of water essen-

tially as in 11 103, but find the temperature of the water by

a single observation before pouring it into the calorimeter,

and cut off the steam when the water reaches the temperature

of the room (see note under 44 A). Read § 88. Calculate the

result by the formula of IT 104, neglecting c. Read IT 104.

Apparatus :— Balance (b) ; Steam Boiler ; Steam Trap ;

Stirrer; Thermometer; Weights {g). H. U. Elem., 29.

27 B. Find the candle-power of a kerosene lamp by Bun-

sen's photometer (IT 114, 1.). Read § 94, ft 109 and 113.

Reduce the candle-power of the lamp to 8 grams per hour.

Use formula and reasoning of H 113.

Apparatus : — Candle ; Kerosene Lamp ; Optical Bench ;

and Photometer. H. U. Elem., 34.

28 B. Find the relative intensities of the red, green, and

violet rays reflected by a colored and by a white surface

(11246). Read IT 115.

Apparatus :— Colored Glasses ; Kerosene Lamp ; Optical

Bench; and Colored Paper. H. U. Elem., omit.

29 B. Find the principal focal length of a lens by two

different methods (f 116, (1) (2)). Read § 103.

Apparatus : — Chimney (perforated) ; Kerosene Lamp ;

Lens (magnifying) ; Optical Bench. H. U. Elem., 36.

30 B. Find the equivalent focal length of a compound

lens, as in 51 A (First List of Experiments). Calculate the

focal length {F) of the compound lens from that {F>) of

the lens in 29 B, by the formula (see 51 A) —

F= F< X 5-
a'

Read first two paragraphs of § 104. See Harvard List of

advanced Physical Experiments, No. 45.

Apparatus :— Candle ; Kerosene Lamp ; 2 Lenses (doub-

let and magnifying) ; Metre Rod ;
Optical Bench.

H. U. Elem., 38.
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31 B. Find several conjugate focal lengths of a lens

(U 117, (1) (2), and, (3)). Note the size of the images

(see § 104). Calculate the principal focal lengths of the

lens. Use formula page 238.

Apparatus : — Chimney (perforated) ; Kerosene Lamp
;

Lens (magnifying) ; Metre Rod ; Optical Bench.

H. D. Elem., 37, L

32 B. Find the virtual foci of several (nearly) phme

mirrors (1 118). Tell which are convex and which concave,

remembering that the virtual images of convex mirrois are

nearer than the objects producing them. Head § 104 and

H 118.

Apparatus : — Mirror (small), and Optical Bench.

H. U., Elem., 35.

33 B. Find 3 virtual foci of a long-focus converging lens

(H 119, I.). Calculate the principal focal length.

Apparains: — Lens (long-focus), and Optical Bench.

H. U. Elem., 37, II.

34 B. Find 3 virtual foci of a diverging lens (H 119, II.).

Calculate the virtual principal focal length by the formula of

1I119.

Apparatus ; — Lens (diverging), and Optical Bench.

H. U. Elem., omit.

35 B. Find the vcave-Iength of sound from a tuning-fork

in a rubber tube (131, I.). Read § 100.

Apparatus : — Metre Rod ; Rubber Tube ; Tuning-fork ;

Y-tuhe. H. U. Elem., 32.

36 B. Find the wave-length of sound from a tuning-fork

in a resonance tube (H 132). Read §§ 98 and 99. Notice

that the lengths of the tube responding to a given fork are

nearly proportional to the odd integers 1, 3, 5, &c.

Apparatus : — Resonance Tube, and Tuning-fork (A =
220). H. U. Elem., Extra.
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37 B. Find the pitch of a tmiing-fork by the graphical

mtthod (H 139). Read §§ 7 and 96.

Apparatus:— Bow (violin) ; Clock; iSmoked Glass Ap-
paratus ; Tuning-fork (c= 64). H. U. Elem., 31.

38 B. Find the velocity of sound (IT 135 (1), (2), (3);

H 136, first paragraph, H 137, III.). Read H 138 and 1[ 135

(4), also §§ 8, 10, 92, and 93. Use formula II., page 281.

Apparatus :— Clock ; Signalling Apparatus, and Tape

Measure. H. U. Elem., 30.

39 B. Find the velofcity of a bullet by a ballistic pendu-

lum ('H 147, -(7)) as in 70 A. (First List of Experiments).

Calculate the velocity Fof the pendulum by the formula—
F=^54/-^ (see§109).

arid that (o) of the bullet by the formula—
V = (V^ + ^) K,(see T 147 (7)).m

Read §§ 106 and 109.

Apparatus:— Clock, Metre Rod, and Pendulum (ballistic).

H. U. FAem., omit.

40 B. Find the velocity acquired by a falling body (T 1 48).

Read §§ 11, 107, and 108.

Apparatus : — Clock ; Falling Bodies' Apparatus ; Metre

Rod. H. U. Elem., omit.

41 B. Find the len'gth of a seconds, J seconds, and ^ sec-

onds pendulum i[ir 149). Tabulate results as on page 319.

Read §§ 110, 111.

Apparatus :— Clock ; Metre Rod ; Pendulum (simple).

H. U. Elem., 19.

42 B. Find the relative masses of two billiard balls sus-

pended by cords as suggested on pages 312-313. See 73 A. '

(First List of Experitfaents). ' '

Apparatus :— Balls ('billiard) ; Cords ; Metre Rod.
'- H. U. Elem., 20.
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43 B. Find the mass of a lead bullet by the method of

oscillation (IT 154). Read IT 155.

Apparatus : — Clock ; Spiral Spring Apparatus ; Weights

(eg) and lead bullet.

H. U. Elem., 18.

44 B. Find corrections for a spring balance (IT 158), and

construct two tables (pages 339 and 340).

Apparatus:— Balances (spring 10 Jc); Pulley; Weights,

(safety-valve). H. U. Elem., omit.

45 B. Find the weight in kilograms of a 28 lb. weight

(IT 159, 1) ; a 56 lb. weight (IT 159, 2, and II 159, 3) ; and

a 4 lb. weight (H 159,4), using a lever and one or two spring

balances of 10 kilos capacity.

Apparatus:— Balances (spring, 10 ^.) ; Lever; Weights

(safety-valve), with cords. H. U. Elem., 14.

46 B. Find with 1 or 2 spring balances of 10 kilograms

capacity and a system of cords, the weight in kilograms of

a 4 lb. weight (1 159, 5) and of a 561b. weight (IT 159, 6).

Read:§ 105-.

—Apparatus :— Balances (spring, 10 k.) ; Weights (safety-

valve), with cords. H. U. Elem., 12.

47 B. Find the weight of a board as in HH 160 and 161.

Read§ 112.

Apparatus : — Board (loaded) ; Pendulum (simple) ; Tri-

angular supports ; Weights (safety-valve) ; a pencil.

H. U. Elem., 17.

48 B. Find the stiffness of 5 beams by bending them

(1[ 162). Read §§ 114 and 115.

Apparatus :— Beam (steel) ; Micrometer ; Triangular sup-

port ; Weights (%)

.

H. U. Elem., 3.

49 B. Find the (torsional) stiflfhess of two or more rods

by twisting them (IT 164). Read §§ 113 and 116.

Apparatus:— Balances (spring, 10 k.), and Torsion Ap-

paratus. H. U. Elem., 4.
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50 B. Find the (longitudinal) stiffness of a wire by stretch-

ing it, Measure the force (/), the amount of stretching (e),

the length of wire (l), and its weight (m). Take the den-

sity (d) from Table 9. Calculate q by formula II., pa^e
S61; then calculate Young's modulus as explained in

1[166.

Apparatus : — Balances (spring, 10 k.) ; Metre Rod • fine

steel wire. H. U. Elem., 2.

51 B. Find the breaking strength of several wires (first

paragraph, IT 168). Weigh a known length of the wire, and

calculate the length which would break. under its own weight.

Read H 168.

Apparatus : — Balance (spring, 10 k.) ; Bobbins and wires.

H. U. Elem., 1.

52 B. Find by two methods the coefficient of fiiction of

wood on wood (f 171, I. and II.). Review § 105.

Apparatus:— Balance (spring, 10 k.) ; Board and plank
;

Weights (kg).

IT. U. Elem., 13.

53 B. Find the efficiency ot a pulley (1) for raising heavy

weights, and (2) for multiplying motion (IT 173). Read

§ 117.

Apparatus :— Balance (spring. 10 k.) ; Metre Rod ; Tackle

;

Weights (safety-valve). H. U. Elem., 21.

54 B. Find the poles of a magnet by means of iron filings,

and confirm by a small compass needle (H 179) Read

§§ 126 and 127.

Apparatus ;— Compass (vibrating) ; Magnet (compound)

Iron filings ; Photographic paper and pencil.

H. U. Elem., 40.

55 B. Find the magnetic dip by a dipping needle (H 190).

Read § 128.

Apparatus ; — Dipping needle. H. U. Elem., Extra.
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66 R. I'iud the relative strength of battery currents from

a 1-fluid cell under given conditions (f 208, (1), to (8)).

Eead §§ 123, 124, 130, and f 207. Reduce results as in

1[ 209.

Appai-atus : ^Battery (1 Daniel!) ; Compass (vibrating) ;

Galvanometer. (The porous cup is to be removed from the

Daniell cell.) H. U. Elem., 41.

67 B. Find the deflection of a tangent compass at the

centre of a coil of wire due to currents from a Daniell cell

under the conditions of 1 208, (9) to (12). Weigh the zinc

and the copper before and after the experiment. Read

§§ 143, 144. Review t 209.

Apparatus : — Balance (b) ; Battery (1 Daniell) ; Com-

pass (surveying); 6 Galvanometers; Weights (ff).

H. U. Elem. 42.

58 B. Find the length of copper wire about J mm. in diam-

eter (No. 31 B. w. G.), which can he substituted for a 1-

ohm coil
(
G) in the circuit of a Daniell cell (B) andgalvanotri-

eter
( G), — see Fig. 243, page 476,— without changing the

deflection. Repeat witli a double wire, with a German sil-

ver wire of the same diameter, and with one of twice the

diameter or 4 times the cross-section (about No. 25 b. w. G.).

Read 11218, also § 140.

Apparatus : -^ Battery (1 Daniell) ; Compass (surveying)

;

Galvanometer; Resistance-Coil (1 ohm) ; and wires as staited.*

H. U. Elem., 44.

59 B. Find the (external) resistance of a circuit as follo"ws :

First, note the deflection of a gialvanometer'due to each one of

two equal cells, then join the cells in series (Fig. 20,:§ 146),

and include German silver wire enough in the circuit to give

the same (average) deflection as before. R6ad § 138 and

§ 146. Calculate the resistance of this wire. This is equal

to the valu^ sough't. For proof, see 105 A.
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' Appai'atus : -^ Battery (2 Daniejl).; Compass (siirveyiug) ;

Galvanometer, with German silver wires.*

H II, Elew., 45, L,

60 B. Find the resistance of a Daui^U cell as follows

:

Note the deflection of each of two aells as in 59 B, and, join

them ia multiplje are (Fig. 19, § 146). Include in the cir-

cuit enough German silver wire to give the saiine average

deflection as before. Calculate the resistance of this wire,

and multiply it by 2 to find the resistance sought For

Pi'oof, see 111 A.

Apparatus : -^ Battery (2 Dauiell) ; Compass (surveying) ;

Galvanometer, with clamps and German silver wire.*

H. U. Elem,, 45 II.

* It is not necessary to cut the wires in 58 B, 59 B, and 60 B. A
greater or less length may be included between two damps, as in

H 237. Tlie wire should be Isept straiglit, as in ITig. 249, page 486.

REVIEW.

Chapter I. (General Definitions), first 1 1 sections.

Chapter V, (Hydrostatics), omitting §§ 67, 68, 71, 72, and

73.

Chapter VI. (Heat), omitting § 89 on cooling.

Chapter VII. (Sound and Light), §§ 92, 93, 94, 96, 98, 99,

100, 103, and 104,

Chapter VIII. (Force and Work), as far as § 118.

Ciiapter IX. (Electricity and Magnetism), §§ 123, 124, 126,

1,27, 128, 130,
'

;

Chapter X. (Electromotive Force, and Resistance), §§ 138,

140, 143, 144, 146.

The Second List of Experiments is intended to cover the

ground of 40 Exercises in Elementary Physics required for

admission to Harvard College, j;fe. Nos. 1-4; 6-14; 17-32
;

34-38 ; 40-42 ; and 44-45. In most ca«es the correispnnd-
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ence is exact ; other cases are designated in the table below

by an asterisk (*). ' The course of reading recommended

covers the principles of at least three additional exercises,

and three extia experiments are suggested. The ground

covered for examination is therefore about equivalent to the

46 exercises of the Harvard elementary pamphlet. Tiie

laboratory v^ork is divided into 50 experiments (assuming

that 10 of the 60 are omitted as indicated). As these experi-

ments all involve measurements, they are on the average

fully as difficult; as those recommended by the Harvard pam-

phlet. This course would be offered only by students who

are ambitious to learn more about physical measurement than

is thought desirable to require of all candidates for admission

to Harvard College in elementary physics.,

The exact correspondence of the second list of experiments,

with the " Descriptive List of Elementary Physical Experi-

ments " published by Harvard University, October, 1889, is

shown by the table below.

Harvard Klem,,

No.



THIRD LIST OF EXPERIMENTS. 1079

APPENDIX VIII.

ADVANCED PHYSICS.

THIRD LIST OF EXPERIMENTS IN PHYSICAL MEAS-

UREMENT INTENDED TO COVER THE GROUND
REQUIRED FOR ADMISSION TO HARVARD COLLEGE

IN ADVANCED PHYSICS.

Note. The experiments in this list are designated by

the letter C. The abbreviations are the same as in the first

list (Appendix VI., page 1035). Before beginning the ex-

periments the student should review tliose sections in

Part III., already mentioned (see Appendix VII., page

1077), and should read in addition Chapters II. and IV.,

omitting §§51, 52, and 61 ; also §§ 48 and 49 of Chapter III.

1 C. Find the sensitiveness of a balance with loads of 0,

20, 50, and 100 grams in each pan, (Hlf 20, 21). Plot the

results (Fig. 16). Read IT 22. Review §§ 26, 30, 59.

Apparatus :— Balance (a) ; Weights (eg).

H. U. Adv., 9.

2 C. Find the ratio of the arms of a balance (IT 23). Re-

peat two or three times. Reduce as in IT 24. Read § 46.

Estimate probable error (§ 50).

Apparatus;— Balance (a) ; Weights {eg).

H.U.,' Extra:

3 C. Find a correction for the reading of a barodeik

(f 18), by means of a hygrodeik (IT 15) and an aneroid

barometer. Use Tables 19, 20. Read § 71.
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Apparatus ;— Balance (a) ; Barodeik ; Barometer (ane-

roid); Hygrodeik ; Thermometer; Weights {eg.).

H. U. Adv., 7.

4 C. Find the weight of a glass ball in air by a double

weighing (H 28). Weigh also a piece of cork coated with

varnish. Bead §§ 35, 44, 67, and 72. Reduce the results

to vacuo.

Apparatus :— Balance (a) ; Ball (glass) ; Rings (small)

;

Weights (Off). H. U. Adv., 8.

5 C. Find the weight of a glass ball in water (IT 29). Re-

view §§ 64, 6a, 66, and 67. Read § QB. Calculate the vol-

ume and density of the ball.

Apparatus : — Arch (hydrostatic) ; Balance (a) ; Ball

(glass) ; Beaker ; Brush (camel's-hair) ; Stirrer ; Thermom-

eter; Weights {eg). Supplies: Wire and water.

H. U. Adv., 10.

6 C. Find the weight of the cork (in No. 4 C) in water

by attaching a sinker to it, and weighing the sinker in water

with and without the cork (H ^9). Calculate the density of

the cork. Review § 34. Consider what assumptions you

have made in this and in other experiments with the hydro-

static balance. Test the accuracy of one or more of these

assumptions by reweighing the cork in air after weighing it,

in water.

Apparatus :— Arch (hydrostatic) ; Balance (a) ; Beaker
;

Brush (camel's-hair) ; Cork ; Sinker ; Weights {eg). Sup-

plies : Wire and water. H. U. Adv., 12.

7 C. Find the weight of a glass ball (of No. 5 C) in alco^

hoi at an observed temperature (If 30). Calculate the den-

sity of the alcohol (1 31).

Apparatus :— Arch (hydrostatic) ; Balance (a) ; Ball

(glass) ; Beaker ; Brush (camel's-hair) ; Stirrer ; Thermom-

eter; Weights {eg). Supplies: Wire and alcohol.

H. U. Adv., 11.
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8 C. Find the. capacity of a Specific Gravity Bottle

(H 32). Read f 33.

Apparatus.— Balauce (a); Specific Gravity Bottle;

Stirrer ; Thermometer ; We.ig-hts (cff,) ; Water.

H. U. Ady.,. 13.

9 C. Find the density of alcohol, by the Specific Gravity

Bottle, and calculate the strength of the alcohol (H 38). Use

Table 27.

Apparatus :— Balance («) ; Specific Gravity Bottle

;

Stirrer ; Thermometer- ; Weights {cgj ; Alcohol.

H. U. Adv., 15.

10 C. Find the. volume of. some s;te,el balls by the Specific

Gravity Bottle (IT 34). Read IT 35 ; also § 38. Calculate

the density of the balls.

Apparatus : Balance, (a) ; Balls (steel) ; Specific Gravity

Bottle ; Stirrer ; TheA'mometer ; Weights, (eg) ; Water.

H. U. Adv.,. 14.

lie. Find the volume of some crystals of sulphate of

copper by the use of alcohol (HH 36, 37), and calculate their

density.

Apparatus : — Balance (a) ;. Specific Gravity Bottle ;

Stirrer; Thermometer; Weights (c^r). Supplies: Alcohol

and crystallized sulphate of copper.

H. U., o.mit.

12 C. Find the correction for one reading of a vernier

gauge (U 50 I.). Read IT 47, but use Table 3 H. Read

irir 48 and 49, also §§ 37, 43, and 73.

Apparatus : — Ball (glass) ; Gauge (vernier) ; Lens

(magnifying).

H. U. Adv., 2.

13 C. Find the pitch of a screw (f 50, If.).

Apparatus ; — Balls (steel) ; Micrometer gauge.

H. U. AdT.„ 3.

32



1082 APPENDIX VIII.

14 C. Find the constants of a spherometer (%^ 51 and 54).

Apparatus : — Ball (glass) ; Plate Glass ; Spherometer.

H. U. Adv., 4.

15 C. Find the radii of curvature of 2 spherical surfaces

(f 55). Read f 56.

Apparatus : — Lens (magnifying) ; Spherometer.

H. U., Extra.

16 C. Find the capacity of a capillary tube by means of

mercury. See f 169, II., and % 170. Read § 39.

Apparatus : — Balance (a) ; Capillary Tube ; Weights

(eg) ; Mercury. H. U. Adv., 55, II.

1

7

C. Find the fixed, middle, and quarter points of a mer-

curial thermometer (%% 66, 67, 68, 69, and 70). Read

§ 36, (3).

Apparatus : — Beaker (for ice) ; Bunsen Burner ; Steam

Boiler ; Thermometer. Supplies : Gas, ice and water (or

steam). H. U. Adv., 56.

18 C. Find the coefficient of expansion of water between

about 20° and lOO° (1[ 59). Read ff 60 and 61. Review

§§ 62 and 63.

Apparatus : — Expansion Apparatus with accessories, sup-

ply of water and steam. H. U. Adv., 53.

19 C. Find the coefficient of expansion of alcohol from

about 20° to 40° or 50° by the Specific Gravity Bottle (1[f 62,

63). Review §82.

Apparatus ;
— Balance (a) ; Specific Gravity Bottle

;

Stirrer ; Thermometer ; Weights (cff). Supplies : Alcohol

and hot water. H. U., Extra.

20 C. Find the coefficient of expansion of glass by the

weight thermometer (^ 240). Rsview § 83.

Apparatus' — Balance (a); Bunsen Burner; Steam

Boiler ; Steam Jacket ; Thermometer (weight) ; Weights

(cff). Supplies : Gas, ice, mercury, and water (or steam).

H. U. Adv., 58.
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21 C. Find the boiling point of one or more liquids, and

the melting point of paraffiue (f^ 83, 84).

Apparatus :
— Stopper ( I hole) ; Test-tube ; Thermom-

eter. Supplies : Hot water, paraffine, alcohol, etc.

H. U. Adv., 57.

CALORIMETRY (Review §§ 84-91).

22 C. Find the rate of cooling of a calorimeter (ft 85

,

87). Read f 86, also §§ 47, 89.

Apparatus: — Calorimeter; Clock; Stirrer; Thermom-
eter. Supply of hot water. H. U., Extra.

23 C. Find the thermal capacity of a calorimeter with

thermometer and stirrer (f 90 (1) I ; t 91, !)• Read §§ 16.

45 ; Review § 85.

Appiiratus ; — Balance {b) ; Calorimeter ; Clock ; Stirrer ,-

Thermometer; Weights (^). Supply of hot water.

H. U. Adv., CO.

24 C. Find the thermal capacity of a thermometer of a

stirrer, and of a calorimeter, as in (f 90, 2). Use formula III.,

f 91.

Apparatus ,— A Balance (b) ; Calorimeter ; Measuring

glass
; Stirrer ; Thei-mometer and water.

H. U. Adv., 61.

25 C. Find the specific heat of turpentine by the method

of mixture (f 96, I.). Read f 95. Use formula VIIL,

IF 98., Review § 90.,

Apparatus : — Balance (b) ; Calorimeter ; Stirrer ; Ther-

mometer ; Weights (5'). Supplies: Turpentine cooled to 0°,

and hot water.

Note. Students who have not already determined the

specific heat of lead shot should substitute this determina-

tion (f 94, 1.). H. U. Adv., 62.
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26 C. Find the specific beat of alcohol by the use of lead

phot(1[ 96,11.)-

Apparatus .--^Balance (b) ; Bunsen Burner; Calorimeter;

Steam Shot-heater; Thermometer; Weights (g). Sup-

plies: Gas, alcohol (at 0°), water (or steam) and lead shot.

H. U., omit.

27 C. Find the specific heat of alcohol or turpentine by

an electrical method in 43 A. (Fiist List of Experiments,

see Appendix VI.)

Apparatus : — Balance (b) ; Battery (2 Bunsens) ; 2 Calo-

rimeters ; 2 Resistance-coils; 2 Stirrers; 2 Thermometers;

Weights,
(ff).

Supplies : Alcohol and water, connecting

wires. H. U. Adv., 64.

Review Exp. 25 B (H. U. Elem., 28= H.. U. Adv., 63).

28 C. Find the heat of combination of zinc and nitric acid

(f 105, I., and f 106),

Apparatus :— Balance (a) ; Calorimeter with glass lining
;

Clock ; Stirrer ; Thermometer ; Weights {eg). Supplies ;

Zinc filings aud dilute nitric acid, H. U., omit.

29 C- Find the heat, of combination of zinc oxide and

nitric acid (f 105, II., and f 106).

Apparatus,:— Balance (a); Calorimeter with glass lining ;

Clock ; Stirrer ; Thermometer ; Weights {eg). Supplies :

Zinc oxide and dilute nitric acid. H. U., omit.

RADIANT HEAT (Review §§ 93, 94; Read § 95),

30 C. Find the candle-heat-power of a kerosene lamp

(If 111), and calculate that of a lamp burning 8, grams of

kerosene per hour (1[ 113).

Apparatus:— Balances (J); Candle; Clock; Galvanom-

eter (astatic) ; Kerosene Lamp ; Optical Bench ; Thermo-

pile ; Weights (g). H. U. Adv., 99.

Review Exp. 27 B ( H. U. Elem., 34= H. U. Adv., 32).
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LIGHT.

Review Exps. 30 B, 31 B, 32 B, 33 B (H. U. B:iem., 35-

37= H. U. Adv., 41, 42, 43, 45).

31 C. F'ind the zero-readiug of a sextant (1 123). Read

§§ 31, 32, 97.

Apparatus :—A Sextant. H. U. Adv., 35 L
32 C. Find by a sextant the angular semidiameter of the

sun (H 1U,1.).

Apparatus :
—A Sextant. H. U. Adv., 35, IL

33 C. Find by a sextant the distance of a terrestrial ob-

ject of known magnitude (H 124, IL, and I 136).

Apparatus :— A Sexlant. H. U., omit.

34 C. Find the latitude and longitude of ia place (tH 242,

243, fables 44 A-44 G).

Apparatus :
'=— An Artificial Horizon and a Sextant.

H. U., omii.

35 C. Find by a sextant the three angles of a ph'sna

(II 125, I.).

Apparatus:—A small Prism and a Sextant.

H. tr. Adv., 51.

36 C. Find by a spectrometer the three angles of a prisrti

(IF 126).

Apparatus!— A small Prism; a (kerosene) Lamp; a

Spectrometer. H. tJ. Adv., 50.

37 C. Find the angle of minimum deviation for a ray of

sodium light passing through a prism angle of known magni-

tude (fir 126, 127). Read IT 128, and § 102.

Apparatus : — Prism (used in No. 36 C) ; Sodium flame

(with slit) i Spectrometer (or sextant).

H. U. Adv., 52.

38 C. Find the distance between the lines of a diffraction

.grating (f 130). Review § 100. Read § 101 andU 129.

Apparatus; -^ Diffraction Grating: Sodium flame (with

slit) ; Spectrometer (or sextant)-. H. U., Extra.
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SOUND (Read §§ 92 and 96).

Eeview Exps. 36 B and 37 B { H. U. Elem., 28 and 31 =
H. U. Adv., 26 and 22).

39 C. Find the pitch of a tuning-foris by the toothed wheel

(H 144). Read 1 145.

Apparatus: — A Toothed Wheel Apparatus, and a Tun-

ing-fork (C~ 64)

.

H. U., Extra.

40 C. Find the musical interval between two tuning-forks

by means of a monoehord (H 133 III). Read % 134.

Apparatus: — A Monoehord and 2 Tuning-forks (A=
216 to 220, 0= 256). See note under 64 A, First List of

Experiments, Appendix VI. H. U. Adv , 24.

41 C. Find by Lissajous' curves (H 143) the musical

interval between 2 C-forks 2 "octaves" apart; also find the

musical interval between the higher of these forks and a G^

fork, two " octaves " and a " third " below it. Read IfH 134

and 142.

Apparatus:— Lens (small); 3 Tuning-forks (C= 256,

C= 64, G*^51.2). (Kerosene lamp for smoking, and

sealing wax.)

See Note under 65 A, First List of Experiments, Appen-

dix VL H. U. Adv., 29.

42 C. Find the pitch of a set of forks, covering a known

musical interval, by the method of beats (If 141). Retul

t 140.

Apparatus:—A Clock and 5 Tuning-forks; G*::=51.2,

A= 54, A« = 57, B= 60, C= 64. H. U. Adv., 25.

See Note under 66 A, First List of Experiments, Appen-

dix VL
43 C. Find the pitch of the note due to longitudinal vibra-

tion in a wire {% 248; I.), either by a pitch-pipe (Fig. 273),

or (in the absence of a musical ear) by a resonance tube
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(^ 132, and IT 134, II.). Calculate the velocity of sound in

the wire (IT 248).

Apparatus: —A Pitch-pipe (or Resonance Tube) ; Tape

measure; Wires; Cloth, resin, etc. H. U. Adv., 27.

44 C. Find the pitch of the note due to torsional vibra-

tions in a wire (IT 248, II.), either by a pitch-pipe or by a

resonance tube. Calculate the velocity of these torsional

vibrations in the wire.

Apparatus : — A Pitch-pipe (or Resonance Tube) ; Tape

measure ; Wires ; Cloth, resin, etc. H. U., Extra.

DYNAMICS (Read §§ 28, 29, 111, ^ 138).

45 C. Find the length and time of oscillation of an irro-

tational pendulum (If 151, II.). Read IT 150 and 1" 152, §§ 40

and 61. Obtain g from table, 1[ 153.

Apparatus :— Clock ; Gauge (vernier) ; Metre Rod ; Pen-

dulum (irrotational). H. U. Adv., 17.

46 C. Find the coefficient of torsion of a wire by a torsion

balance (f 165). Read § 12; review §§ 13 and 116.

Apparatus : — Gauge (micrometer) ; Metre Rod ; Torsion

Balance; Torsion Head; Weights (off). H. U., Extra.

47 C Find Young's modulus of elasticity for a wire

(f 167). Review § 114.

Apparatus :— Gauge (micrometer) ; Micrometer (electric)

Tape measure ; Weights {kg) ; Young's Modulus Apparatus.

H. U. Adv., 54.

48 C. Find the surface tension of water by means of the

capillary tube of No. 16 C (1[ 169, XL). Read f 170.

, Apparatus :— Beaker ; Capillary Tube ; Metre Rod ;

Thermometer. H. U. Adv., 55 I.
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ENERGY (Read §§ 14, 15, 117-121).

^9 C. Find the coefficient of hydraulic " resistance " for a

rubber tube (TT 172, page 378). Calculate the coefficient of

friction for water.

Apparatus : — Balance (roWgh) ; Blocks ; Clock ; 2 Jars ;

Weights {kg). H. J3., omit.

50 C. Find the efficiency of a water motor (1 174). Read

IT 175. Read §§ 14, lo, 117, 118.

Apparatus : — Balance (Tough) ; Clock ; 2 Spring Bal-

ances ; Jar ; Tape measure ; Water Motor (with pressure

gauge); Weights (%). H. U., omit.

51 C. Find (roughly) the mechanical equivalent of heat

by means of lead shot (IT 177, first paragraph). Read 1[ 176

and H 1 78.

Apparatus:— Pasteboard Tube (with corks) ; a Thermom-

eter and some Lead Shot. H. U. Adv., 65.

MAGNETISM.

52 C. Find the attraction and repulsion between two par-

allel magnets a;t a given distance-(^ IS'O). Estimate the

strength- of the poles (1 181). Read §§ 17, 129.

Apparatus :— Balance («) ; Blocks (cW. cm) ; Gauge (ver-

nier) ; 3 Magnets (compound) ; Weights {eg).

H. U., Extra.

Note. Tn this and in following experiments, the distance

between the poles of the (short) compound magnets may be

called equal to /^ the letigth of the magnet. See f 179.

53 C. Find the couple exerted by the earth's magnetism

upon 3 magnets bymeans of tor'sion (If 182). Estimate " H."

Apparatus : — 3 Magnets (compound) ; Toriidn Head and

Wire tested in No. 46 C. ; Wax and pins to serve as sights.

H. U. Adv.. 67.
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54 C. Find the deflection of a compass needle due to mag-

nets of known strength (from No. 52 C.) at a given distance

(IT 183). Read ft 184, 185. Estimate " H." Calculate

the ti'ue value of " H " from the estimates in Nos. 53 C. and

54 C.

Apparatus:— Compass (surveying); Magnets (compound) ;

Metre Rod. H. U. Adv., 68.

55 C. Find the distribution of magnetism on a magnet by

the method of vibrations (If 186). Plot a curve (Fig. 205).

Estimate the distance between the poles.

Apparatus : — Clock ; -Magnet (vibrating needle) ; Magnet

(long-bar) ; Metre Rod ; Test Tube. H. U. Adv., 66.

56 C. Find the distribution of magnetism on a magnet by

means of an induction coil (% 189). Plot the curve and esti-

mate the distance between the poles as in No. 55 C. Rend

irir 187 and 188.

Appai-atus :— Galvanometer (astatic); Helix (sliding);

Magnet (long-bar) ; Metre Rod. H. U. Adv., 69.

57 C. Find the magnetic dip by the earth-inductor

(IF 192). Read 1[1T 190, 191, and § 147.

Apparatus : — Earth -Inductor ;
Galvanometer (astatic,

loaded so as to answer for a ballistic galvanometer), and a

Level.
' H. U. Adv., 70.

ELECTRICAL CURRENT MEASURE (Read §§ 18, 19,

130-133).

58 C. Find the constant and reduction factor of a single

ring tangent galvanometer (If 198 and 199, formula (5)

and (6)).

Apparatus :— A Galvanometer (S. R.), a Gauge (long ver-

nier), and a Tape Measure. H. U. Adv., 71, I.
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59 C. Find the reduction factor of a double-ring galva-

nometer by the method of comparison (H 201). Read 1 200;

Apparatus: — Battery (2 Daniell) ; 2 Commutators; 2

Galvanometers (S. R. and D. R.), and connecting wire.

H. U. Adv., 73.

60 C. Find the reduction factor of an ammeter by the

method of comparison (U 210).

Apparatus: — An Ammeter; Battery (2 or 3 Bunsen)
;

2 Tangent Galvanometers (S. R. and D. R.).

H. U. Adv., omit.

61 C. Find the reduction factor of an astatic galvanome-

ter with shunt, by the method of comparison (H 201), as in

99 A (First Listof Experiments, Appendix VI.). Note what

plugs are i-emoved from the rheostat, also the length, diame-

ter, and material of the shunt. If the resistances R, G, and S
of the rheostat, galvanometer, and shunt are known, calculate

the reduction factor of the galvanometer without the shunt

from that of the combination (Z), by t.he formula

'-^^H+G+ S-

Apparatus: — A Battery (1 Daniell); 2 Galvanometers

(astatic and D. R.) ; a Gauge (micrometer) ; a Metre R^d ; a

Resistance-box; 1 metre of _ German silver wire (about No.

25 B. w. G.). H. U. Adv., 86.

62 C. Find the reduction factor of a dynamometer by

comparison with a single-ring galvanometer (IT 204). Read

If 202. Let C be the current indicated by the galvanome-

ter, and a the angle of torsion in the dynamometer ; then the

reduction factor (Z>) is

Apparatus :— A Battery (3 Bunsen or 6 Daniell) ; 2 Com-
mutators

; a Dynamometer ; a Galvanometer (S. R.), and

connecting wires. H. U. Adv., 98, I.
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63 C. Find by measurement the reduction factor of a

dynamometer (If 203). Read §§ 134, 135. Review § 116.

Use the formula

D=\OA/~iZ

Calculate the current O in No. 63 C. by the formula

then find /and /^as in H 204.

Apparatus:—A Dynamometer; a Gauge (vernier long)
;

[a Torsion Balance, and Weights {cg)'\.

H. U. Adv., 98, II.

64 C. Find the reduction factor of a galvanometer by the

electro-chemical method (H 205). Calculate " 11 "
(H 206).

Read § 142. Review §§ 143, 144.

Apparatus:— Balance (a) ; Battery (1 Daniell) ; Clock;

Commutator; Galvanometer (S. R.) ; Weights {eg), and

a spiral of copper wire. H. U. Adv., 71, II.

ELECTRICAL RESISTANCE (Read §§ 20, 136, 137).

65 C. Find the electrical resistance of a coil of wire by

the method of heating (ITIF 212, 213).

Apparatus :— Balance {b) ; Battery (2 Bunsen) ; Calorim-

eter ; Resistance-coil ; Stirrer ; Thermometer ; Weights {g).

H. U. Adv., 78.

Review Exp. 58 B (Elem. 44= Adv. 76).

66 C. Find the electrical resistance of a conductor by

means of a differential galvanometer (1 216).

Apparatus : — Battery (1 Daniell) ; a Galvanometer (as-

tatic with differential connections) ;-the Helix of No. 56 C.

;

a Key ; and a Resistance -box. H. U. Adv., 85.
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67 C. Find gross errors (if any) in a resistance-box by

means of a Wheatstone's Bridge (H 217). Use as a (rougli)

standard of comparison the resistance-coil tested in No. 65 C.

Read §§ 42 and 141. Review § 45.

Apparatus:— B. A. Bridge; Battery (1 Dauiell) ; Gal-

vanometer (astatic) ; Resistance-box and Resistance-coil.

H. U. Adv., 81.

68 C. Find by Wheatstone's Bridge the resistance of the

shunt used in No. 61 C, and calculate the specific resistance

of the material of which it is made (H 219). Read

IF 217.

Apparatus :^ B. A. Bridge ; Battery (1 Daniell) ; Gal-

vanometer (astatic), and Shunt. H. U. Adv., 82.

69 C. Find the resistance of the galvanometer used in 61

C by Thomson's method {% 220). Read ^ 221.

Apparatus : — B. A. Bridge ; Battery (1 Daniell, shunted)

;

Galvanometer (astatic) ; Key ; Magnet (small compound)

;

Resistance-box. H. U. Adv., 9().

70 C. Find the resistance of a battery by Mance's method

(IT 222). Read 1[ 222 a.

Apparatus : — B. A. Bridge ; a Battery (1 Daniell) ; a

Galvanometer (astatic) ; a Key ; a Magnet (compound,

small) ; and a Resistance-box. H. U. Adv., 89.

71 C. Find the resistance of a tangent galvanometer by

the use of a shunt (1 223, I.). Read f 224, I.

Apparatus : — Battery (1 Daniell) ; 2 Galvanometers

(S. R. and D. R.) ; Resistance-box (or shunt).

H. U., Extra.

Review Experiment 60 B (Elem. 45 ^ Adv. 77).

72 C. Find the resistance of a battery by Ohm's method

(U 225). Review § 138.

Apparatus : — A Battery (1 Daniell) ; a Galvanometer

(S. R.), and a Resistance-box. H. U. Adv., 75.
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Note. The battery cell should be marked so that it can

be identified later on.

73 C. Find the resistance of a batteiy by Tliornson's

method, as in 113 A (First List of Experiments, Appendix

VI.).

Apparatus : — Battery (1 Daniell) ; Galvanometer (as-

tatic) ; Resistance-box, and shunt. H. U. Adv., 88.

74 C. Find the resistance of a battery by Beetz' method

(IT 229). Read 11 226-228.

Apparatus: — 2 Batteries (2 Daniell, 1 Leclanche) ; Gal-

vanometer (astatic) ; 2 Keys ; Resistance-box.

H. U. Adv., 91.

ELECTROiMOTIVE FORCE (Read §§ 21 and 1.39; Review

§§ 137, 138, 145).

75 C. Find the electromotive force of a batteiy by the

method of opposition (1[ 230 (7)). Use 5 or 6 Daniell cells

and 3 Buusen cells in series, with an astatic galvanometer and

resistance box. Estimate the electromotive force of the

Daniell cells from that of the single cell tested in No. 72 C.

(see 1 230 (2)). From this find that of the Bunsen cells.

Read § 41.

Apparatus :— Named above. H. U. Adv., 93.

Note. See note under 115 A (First Listof Experiments,

Appendix VI,).

76 C. Find the electromotive force of a Bunsen cell by

Wiedemann's method (1 231).

Apparatus:— 2 Batteries (1 Bunsen, 2 Daniell); a Gal-

vanometer (S. R. or D. R.). H. U. Adv., 95.

77 C. Find corrections for a volt-meter (If 234). Plot

the results (Fig. 260).

Apparatus: — B. A. Bridge; Battery (2 Daniell);

Galvanometer (astatic with extra slider) ; and a Resistance-

box. H. U. Adv., 92.
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78 C. Find the electromotive forces of a Bunsen and a

Leclanche cell by a volt meter (% 235).

Apparatus:— Batteries (1 Buiiseu, 1 Leclanche, &c.) ; a

Galvanometer (astatic), and Resistance-box.

H. U. Adv., 94.

79 C. Find the electromotive force of a Dauiell cell by

Poggendorff's absolute method (f 237).

Appaiatus :— 2 Batteries (1 Daniel), 1 or 2 Buiisen)
;

2 Galvanometers (astatic and S. R. or D. R.) ; Resistance-

coil (in calorimeter). H. TT, Adv., 96.

80 C. Find the efficiency of an electric motor (if 238).

Apparatus :
— 2 Balances (spring) ; Battery (2 or 3 Bun-

sen) ; Clock ; 2 Galvanometers (astatic and S. R. or D. R.) ;

Motor (electric, small) j Revolution Counter; Resistance-

box. H. U., omit.

The "third list" of experiments given above contains 60

regular and 10 "extra" experiments. The latter are in-

tended to take the place of 10 advanced experiments, the

principles of which have probably been anticipated in an ele-

mentary course. The corresponding experiments in the ele-

mentary course are marked for review, with references to the

Harvard elementary pamphlet, and to the "second list" (H,

Appendix VII.), where they may be found. The student will

do well in any case to prepare himself for examination upon the

principles of these 10 elementary experiments, which together

with the 60 regular experiments of the " third list " are

thought to cover the ground of 66 of the 100 experiments in

Physical Measurement published by Harvard University,

June, 1890.

The 66 experiments have been selected as follows :
—

13 in Mechanics and Hydrostatics ; Nos. 2-4, 7-15, and

17.
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6 in Sound ; Nos. 22, 24-27, and 29.

9 in Light ; Nos. 32, 35, 41-43, 45, and 50-52.

19 in Heat; Nos. 53-58 ; 60-71, and 73.

19 in Magnetism and Electricity ; Nos. 75-78, 81-82,

85-86, 88-96, and 98-99.

The exact correspondence between these 66 experiments

in " advanced physics " and those contained in the '• third

list "designated by the letter C is shown by tlie table below.

The experiments marked B. are those taken from the " second

list "(Appendix VII.). It is understood that these experi

ments are to be offered for admission to Harvard College either

in elementary or in advanced physics. In the former case,

they should be replaced by an equal number of experiments

mai'ked " extra " in the " third list," in order to meet the

college requirements for admission in Advanced Physics.

Harvard
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This and the preceding lists of experiments have

been prepared by the author with the view of satis-

fying both the letter and the spirit of the latest Har-

vard requirements (1890-1891). In view, however,

of the frequent and extensive changes which Ijave

taken place in these requirements, teachers will do

well to consult members of the physical department

before deciding what particular experiments they

propose to have their pupils offer for admission to

the University.



AVERAGES. 1097

APPENDIX IX.

aveeages oe variable quantities.

The average value of a variable quautity is frequently re-

quired in physical measuremeut, as, for instance, in cases

where the average atmospheric temperature or pressure affect

the results. If a sufficient number of observations be taken

there is no especial difficulty in computing their average

;

but the average of a variable quantity can be found in gen-

eral only through formulae established by the differential and

integral calculus. It is doubtrul whether experiments in-

volving the use of such formulas should be included in an

elementary course ; but if included, every effort should be

made to explain the formulse to the student.

The teacher may, in certain cases, find it advisable to an-

ticipate some of the principles of the calculus rather than to

defer an experiment until these principles would naturally be

explained. This, however, is not generally necessary.

It will be seen from the following demonstrations that the

averages of variable quantities may be obtained in a great

many cases by simple arithmetic, algebraic, or geometric

processes without the aid of the ca'culus, and when so ob-

tained can be tabulated and employed in place of the integrals

to which they correspond.

33
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It is important to present new problems in their simplest

possible form. The ideas involved in processes of averaging

are not only more familiar, but also simpler than in integra-

tion ; for the integral. is a quantity which necessarily (unlike

the average) differs in kindiiom the quantity operated upon.

The use of averages will be found, accordingly, to have cer-

tain marked advantages over the use of integrals for the

purposes of elementary demonstration.

(a) Numerical Averages. The average of a given number

of terms is defined as the sum of the terms divided by that

number. It may be assumed that students are already famil-

iar with arithmetical processes by which averages are ob-

tained. The same processes may be extended to cases iu

which it is desired to find the average of numerical functions,

provided of course that all the values to be averaged are

finite, and limited in number.

The average of all integral numbers between and 10 in-

clusive is, for instance, 5 ; the average of tlie squares of these

numbers is 35 ; the average of the cubes of these numbers is

275. A slightly different result would be obtained if inter-

mediate values of these functions were also averaged. If, for

instance, every integral number of tenths were considered,

the average of the numbers would be 5 as before ; but the

average of the squares would be 33.5, and the average of the

cubes 252.5.

If now we should consider every integral number of hun-

dredths, the average would become 33.3 -\- and 250 -|- re-

spectively. The same would be true if we considered

thousandths or millionths of a unit. It would appear, accoid-

ingly, that the numbers which we have found represent wiih

an increasing degree of accuracy the average value of the

square and the cube of a quantity varying by small but

equal steps between the values and 10.
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(6) Limits of Error. The truth of this statement is capa-

ble of iJeiuoiistration. The average value of the square o£

a quantity between and 1 cannot, for instance, be greater

than' 1 (the maximum value), iior less than (the mini-

mum value). In the same way the average value of the

square of all numbers between 1 and 2 cannot be greater

than 4 nor less than 1, &c. It follows that the mean

square of a continuous variable between the values and 10

cannot be greater than the average of the squares 1, 4, 9,

16, 23, 36, 49, 64, 81, and 100, nor less than the average of

the squares 0, 1, 4, 9, 16, 25, 36, 49, 64, and 81. That is,

this mean square is necessarily greater than 28.5, and less

than 38.5 ; hence eq'ial to 33.5 within 5 units.

In the same way, by considering all possible numbers be-

tween and 10 which can be expressed by an integral num-

ber of units and tenths, it can be proved that the mean square

in question is equal to 33.335 within 5 tenths of a unit ; and

a still closer approximation is obtained by considering aver-

ages through intervals of one hundredth of a unit each.

The mean cube of a continuous variable between given

limits can be found in the same way with any required de-

gree of accuracy by piirely arithmetical processes. Tiie same

methods are applicable to the case of any function whatso-

ever— always excluding the case of infinite or imaginary

values. This fact may be made use of for the purpose of

demonstrating to a class in elementary physics the value of

certain mathematical constants which are usually determined

only by the aid of higher mathematics. An example will be

found in section g of Appendix X., relating to Probable

P>ror, in which the " Coefficient of Probability " is deter-

mined roughly in this way.

(c) Average of a variable x. The use of purely arithmet-

ical processes is confined to cases in which quantities are to
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be averaged between given limits. It has beeu shoivn, for

instance, that the average of all the nuoibers between and

10 inclusive is 5. It will be found that the average of all

numbers between and 100 inclusive is 50, &c. The ques-

tion naturally arises, is the average of all numbers between

and a given number always equal to one half of the given

number ?

Let us call the number ii ; then there are n terms to be

averaged. The first is 0; the last is re; these two givnan

average of (w -j- 0) -t- 2 := ^ n. The second (1) and next

to the last (n — 1) give similarly an average ((w — 1) + 1)

-^ 2 = ^ ra. The numbers can evidently be thus combined

in pairs, each averaging ^ n, until, if n is even, all the num-

bers are paired off ; or if w is odd, a single number (^ n) re-

mains. Obviously the average of all these averages is in any

case ^ n ; hence this must be the average of all the numbers.

The same result would be obtained if we considered tenths

or hundredths of a unit. We should have a greater number

of pairs to be averaged, but as the value of each is \ w, the

average would be the same. We conclude, therefore, that the

average value of a vai'iable x between the value and n is

always equal to ^ n.

(d) Notation of Averages. The result obtained in the last

section may be expressed as follows :
—

X ^
(1)

The line placed above the letter x denotes that an average is

to be taken, and the limits of this average are indicated- by

the two values placed one at each end of the line. In such

expressions variable quantities are customarily denoted by

letters near the end of the alphabet (especially x, y, and z),

while other letters, like numerals, denote constant quantities.
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(e) Geometrical Proof. The area of a rectangle is found

by multiplying together the base ami altitude of the rec-

tangle. The areas of

other figures may sim

ilarly be found by

multiplying together

the base and average

altitude of the figures.

Tlins the area {A) of

an isosceles right-angle

triangle ABC is equal

to the product of the base {AB ^= a' =:z a) and its average

altitude x = x'. That is

:

A = X a'

Now by geometry —
A = i a X n'i

hence, as before —

X =\a.

{f) Average of x^. Tiie

volume of a rectangular

block is found by multiply-

ing together the cross-sec-

tion and altitude of the

block. In the same way

the volume of other figures may be found by multiplying to-

gether the average cross-section and the alfitude of these

figure?. Let the altitude of a pyramid ABODE be a, and

its base a' X a" = a^
',
then the cross-section of the pyramid

at a distance x from the apex (A) is x' X a;" = x^. The vol-

ume V is therefore—
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o a

V= x^ X «•

Now by geometry—
F= ^ a'^ X « ; hence

x^ = h a\ (2)

We have already seen that the average of the squares of

numbers from to 10 is approximately equal to 33^, anil

that when the squares are taken closer and closer together,

there is a still closer approach to this value. The formula

(2) shows that when all possible intermediate values are con-

sidered, the average is exactly 33J. It also shows that in

general the average value of the square of a quantity up to

a given value is equal to one third of the squai'e of this

value.

(jr) Mechanical Proof. To find the volume of a small

prism, we multiply its length {V) by its (uniform) cross-

section [q). To find the mass (m) of the prism, we multiply

the result by the (uuiform) density of the prism (rf). To

find the moment (vlf) of the prism about. a distant point (o)

in line with the axis of the prism, we multiply the result by

the (nearly constant) arm (a) in question. That is—
M:=l X q X dX a (nearly).

Now if c is the distance from the centre of gravity to the

point o, thi moment of the prism about o is by definition—
M= m X c;

hence we have —
m X c =: I X q X d X a; OT

c = qXdXa.Xl^m.
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In a similar manner, the centre of gravity of any figure with

respect to a given axis, is located by multiplying the quotient

of the length of the figure by the mass into the average

product of the cross-section, density, and arm corresponding

to regularly increasing distances along the axis.

The distance from the apex A to the centre of gravity (0)

of an isosceles triangle ABO, with base a and altitude a,

and unit thickness and A

density throughout is

found, accordingly, by

averaging the prod-

ucts of the distances

X from the apex by

the cross-section, also

equal to a;, multiply-

ing by the (vertical)

length a, and divid-

ing by the mass,

That is— B1 „2
J a .

A0 = -^ (^ a^ -^ a) = -^ i a-

Now the centre of gravity of a triangle must lie at the

common intersection of three lines, A 0, BO, and CO, which

bisect the sides BO, AO, and AB\ for if the triangle be cut

up into a series of bars parallel to either of the sides, each

bar will balance about an axis which bisects it ; hence the

triangle as a whole must balance about such an axis, and

this axis must contain the centre of gravity. Now the

three lines in question can be shown by geometry to inter-

sect at a point 0, such that AO =%a. Hence we have,

sabstitnting,—
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X'

o -

-;- i a = § a,

- a
or as before 3? = \ a^.

Qi) Average of x'. In the same way the centre of grav-

ity (0) of a pyramid ABGD, with altitude a, base a^, and

A

density 1, is found by multiplying together the distances x

and the cross-section x^, and dividing the result by the ratio

of the mass (^ a') to the altitude (a). That is,

A0= 3? -f- (^ a' ^ a) = a;' -f- ^ dK

Now a pyramid must balance about any one of the four

axes, AO, BO, 00, or DO, passing through the centre of

gravity of the four sides, and hence through that of every

section parallel to their sides ; and since by geometry AO =
I a, we have substituting—
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I a; or

(3)

(/) Average of x°. Let ABC be an isosceles right trian-

gle, with density along the line ^ C and density a;"~' at a

distance x from A C
measured either hori-

zontally or vertically

;

then we have seen that

the centre of gravity

of a horizontal or ver-

tical section of the tri-

angle is (if n :=. 1, 2,

or 3) at a point such

that the distance be-

tween it and AB or

BO is to the distance

between it and AC
as 1 in. The centres

of gravity of all sections lie, therefore, on the lines AE or

CZ), dividing the sides BO and AB in the same proportioA-

so that—
BB: EO::BD: DA -.-.l-.n.

The centre of gravity of the triangle is therefore at the in-

tersection G of AE and CD. Drawing BG and, parallel

to it, EH and DF, we have by similar triangles —

GH-.HC:: GF:FA:: 1 : n.

Now by construction the triangles HGE and DGF are equal;

hence GE= GF=FA~ n, a.nd DG— GH= HO -^ n.
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It follows that the distance of the centre of gravity from the

base of the triangle is to the distance of the apex from the

base as GE : AE, or as GE : AF -\- FG ^ GE, or as

1 1 1
-

: 1 -I- - + -, or as 1 : w + 2.

Denoting the altitude of the triangle by a, we have, there-

fore, fo" the vertical distance d of the centi-e of gravity from

the apex—
n + 1

a = —;—, a.
n -\- I

Now applying the ordinary methods we find the average

density of a horizontal cross-section to be—

x"
n

which multiplied by the cross-section {x) gives _ for the
n

mass of the cross-section. The total mass is therefore (if

fi = 1, 2, or 3)—
o a

« X —a;" n,n+l

n n (m -}- 1

)

The ratio of the mass to the altitude is—

•

a-' + i a"

n {n-\-\) n {n -\- \)'

The moment of a given section about the apex is •

n n

X" X"
xX — =

The distance of the centre of gravity is accordingly -
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w w (« -|- 1) M -)- 2

It follows that

—

'

a.

-^
,j („ + l) ^ „ ^ 2 n + 2

It has been proved that if ra = 1, 2, or 3,

o a

«+ 1'

it follows that the same expression holds good fora:" + ';

hence it holds for «*
, hence for a:=, &c. In other words, we

have in general (for positive integral powers of n),

V -)- J

(4)

(y) Average of Trigonometric Functions. Passing now

to the case of a circle of radius, r, and area, A, which we con-
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sidei' as tlie product of its diameter (2r) and average cross-

section {2 y = 2 y' r'*— x^), we find—

whence, dividing through by 4 r,

{r''— x^)\

IT r-=-
(5)

Again, from the properties of the circle we have sin^ x -}-

cos^ X ^\; hence
i

sin^ X -\- cos^ X = 1

.

Now sin 0° = cos 90°
; sin 1° = cos 89°, &c. Hence,

0° 90° _ 0° 90
sin^ X cos- X ,

and we have—
0° 90° _ 0° 90°

sin^ X cos^ X

^ ,
0° 90°_

, .g^

* sin^a: -(- cos^ X ^ ^ '

The results already obtained are sufficient to .illustrate cer-

tain methods by which functions may be averaged without

the aid of the calculus when, through geometrical construc-

tion or otherwise, the averages of similar functions are

known. '
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APPENDIX X.

PROBABILITY OP ERRORS.

(a) Definitions. The observed value (o) of a quantity

differs, as has been pointed out in § 156, from the true value

(q) by an amount (e) which is called the error of observa-

tion. Let the errors in a series of n observations be distin-

guished by subsci'ipt numerals, then the average error, e, is

defined by the equation

e = [2](ei -f 62 + 63 + • • • + en) ^ «' (1)

where the sign [2] indicates that the numerical values of the

errors are to be added together without regard to tvlgebraic

signs.

The mean square of the errors (e^) is defined by the

equation

? =: 2 (e^ + 6,' + es^ + . . . 4- e/) H- n. (2)

The " error of the mean square '' (e) is defined simply as

the square root of the mean square of the errors ; that is

e=Ve^^ V2(ei^+ e/+ «3'+ • • +0 ^ «• (3)

In a long series of observations in which the errors are

due to a great number of causes combining together in every

possible way, the " probable error" is defined as one which is

neither greater nor less than the majority. That is, if the

errors are arranged in the order of their magnitude (without

regard to signs), as follows, —
60, 61, ,«2, % • • • «p) «p-|-ij ep+2» ^p + 8) • • . e^,

the " probable error," e^,, is defined by the equation—



1110 APPENDIX X.

p = in. (4)

The " coefficient of probability," tt, is defined as the ratio

of the probable to the mean error ; that is,

«p = Tre. • (5)

This definition is customarily extended to the case of short

series of observatidns. In such cases the equation serves,

however, to define the probable error, not the coefficient of

probability. The value of this coefficient will be determined

roughly in the course of the following elementary investiga-

tion (see (g)).

(b) Distribution of errors. The simplest case in the the-

ory of errors is one in which practically a single source of

error exists. Let us take as an example the indication of

a spring balance which (from rust or other causes) is affected

by fi'iction much more than by any other cause. If the

pointer of such an instrument be pulled down to a given

reading, the reading is generally too small. If the pointer

is first-pulled down too far, then allowed to recover, the indica-

tion is generally too great. We will suppose for simplicity

that the error is 1 unit in each case,— a kilogram for in-

stance; then the average error, the mean square of the

errors, and the error of the mean square, are all by definition

equal to 1.

Now let it be required to find the weight of a body which

rests, as in IT 159 (1) upon two such spring balances. Let us

suppose that each balance is pulled down to a given reading

in one half of the observations, but allowed to recover to

the reading in the other half of the observations. Let us

suppose, moreover, that the two balances are treated first in

the same way, then in opposite ways. It follows that in one

half of the observations the errors due to fi'iction in the bal-



PROBABILITY OF ERRORS. 1111

aiices will offset each other ; but that in the oiher half, they

will coujbine together so as to give a resultant ± 2.

lu point of fact, when a weight is thrown upon a spring

balance, it. usually makes several oscillations before it comes

to rest. There is accordingly a (nearly), equal chance tlat

the pointer may be arrested by friction either above or below

its mean resting^point. We may assume, therefore, that ia

(about) half of the observations the retidiugs will be in-

creased, in the other half diminished by friction. Let us

first consider those observations in which the readings of one

spring balance are too great. In the absence of any neces-

sary reason why the readings of the second spring balance

should be affected by those of the first, we may assume that

these readings are also too great in about half the cases

uqder consideration,— that is, one fourth of the total number

of cases, — iind too small in the remaining fourth. In the same

way, by considering that half of the observations in which

the readings of the first spring balunce are too small, we find

a third fourth in which the readings of the second spring

balance are also too small, and a fourth fourth in which they

are too great. We find as before that the errors offset each

other in one half (or two fourths) of the observations, and

that they combine together in the other half That is, the

distribution of errors due to chance is (nearly) the same as

that in w.hiph care is taken to bring about with equal fre-

([Liency every possible combination.

The four ways in which two sources of error, each equal

to ±1, may combine together, may be written as follows

:

^= +l + l:=+ 2; C=— 1 + 1 = 0;

5==-j- 1—1=0; i) = — l^.lps— 2.

Each of these combinations differs from the next simply in

the fact that the sign of one error is reversed. It is always

assumed in the treatment of accidental errors that positive
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and negative errors are equally probable.^ It follow& tliat

each of the combinations named above is just as probable ;is

the next ; hence all are equally probable.

Now let us consider a third source of error,— a body, for

instance, suspended in parts from three spring balances.

Each of the four combinations named above gives two, in one

of which the resultant is increased, in the other diminished by

the new source of error. There are accordingly 8 combina-

tions in all, namely,

a = A+l=-\-3; e=C+l=-f-l
b-{-A — l=-\-l; /=(7_1=—

1

c=B-\-\=i-l; g= n-\-l=— \

d-\-B—l——l; h— D — l—— 3

In one case the resultant is -|- 3, m 3 cases -{~ 1? i"! ^ cases

— 1, ill 1 case— 3.

We coine next lo four sources of error. Euch of the pre-

vious 8 combinations yields 2, so that there are 16 in all,

namely,

a-|-l=4 c+l=2 e+l = 2 ^ -f 1 =
a—\=rz2 c — 1=0 e— 1=0 ^r — 1=— 2

6+1 = 2 d+l = /+1=0 A+l=—

2

b— l—O d—l—— 2 /— 1=—

2

h— l——4,.

In 1 case we have a resultant -|- 4, in 4 cases -[- 2, in 6 cases

0, in 4 cases — 2, in 1 case — 4.

(c) 7'ai/c of Combinations. In the same way, by purely

arithmetical processes, the distribution of errors due to any

number of sources may be obtained. The results already

calculated for the case of 4 sources of error are compared in

1 If this were aot the case we should have a constant error as

the result. It is supposed that all constant errors are eliminated.
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the table below with similar results correspondiug lespect-

ively to IG and to 100 sources of error.

-^
Magnitude No. of combinations giving a resultant of tliis Magnitude

\
"f 'be magnitude when the of the
Error. No. of sources = 4. No. of sources = 16. No of sources =100. Error.

> 6

+2 4

4 1

6

8

10

12

14

16

18 .

20

22 0.

24

26

28

30

32

34

36

38

+40 _0

Total 16

(d) ProhabiUty Curve. The results conta'ned in the

last table are represented graphically in the figure. In con-

structing this figure, the vertical distances were made pro,

portional to tlie number of combinations in a given column,

the first number in the column being taken equal to 1. The

horizontal distances were made proportional to the magnitude

of the re.=ulting errors represented by a given curve; but in

plotting the first curve, the results were divided by 2, in the

second by 4, in the thiid by 10. The similarity of ihe cnrves

when thus reduced to a common scale becomes apparent.

34

12870
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The three curves in the figure represent the relative proba-

bility of errors of a given luaguiiude resulting (1) from

combinations of 4 sources, each equal to ± ^ ; (2) from com-

biuations of 16 sources, each (qual to ± ^; and (3) from

combinations of 100 sources, each equal to ± -^^g,— because,

in plotting the curves, we divided the resultants by 2, 4, and

10, respectively. The (approximate) agreement of the curves

serves, therefore, to illustrate the truth of a general law, that

tlie distribution of errors due to n sources, each equal to ± 1

-r- V") is in all cases (approximately) the same.

It follows from this law that the average error and the

erroi' of mean square must also, under the couditious named,

be (approximately) the same. It also follows that the re-

sultants due to n unit soui'ces of error are, other things being

equal, proportional (approximately) to the square root of n.

Hence the avei-age error and the error of the mean square

are also (approximately) proportional to the square root of

the number of sources from which they arise. This law,

which holds only approximately for average errors, can be

proved exactly in the case of the error of the mean square.

(e) Galculation of Mean Squares. The results which have

been worked out in the distribution of errors enable us to

calculate in certain cases tiie mean square of these errors.

When a single unit source of error exists, the resultant is

always ± 1, hence the mean square is -(- 1, or €i^ = 1.

With 2 unit sources, we have four combinations, in two of

which the resultant is 0, in the other two ± 2. The mean
square is accordingly

e,^= (2 X + 2 X 4) -- 4 = 2.

In the same way, in the case of three unit sources, we find

£3"= (2 X 9 + 6 X 1) -^ 8 = 3.
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-¥ -1
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and in the case of four unit sources—
€/= (2 X 10 + 8 X 4 + 6 X 0) H- IG= 4.

We notice that the mean square of the resultant error is in

each case equal to the number of unit sources of which it is

composed.

It is easy to show that this law is perfectly general. Sup-

pose we have found the distributiou of erroi-s due to n unit

sources to be such as to give

X resultants of the magnitude e,

y resultants of the magnitude/, ^c,

and that a new unit source of error is now added, so a;s to

jiicrease half of the previous resultants by 1, and to diminish

the other half by 1. We shall then have

{\x resultants of the magnitude e -|- I

\\ X resultants of the magnitude e — 1

K\y resultants of the magnitude/-)- 1

\\y resultants of the magnitude/— 1, &c.

The squares of these ei'rors will be, in

\\ X cases, e^ -\- 2 e -\- 1

( ^ a; cases, e^ — 2 e -j- 1 , &c.,

the average in the a; cases being e'^ -\- 1.

In the same way the average in y cases is /^ -j- 1 , &c.

The mean square of all the errors is therefore

^\+i = [.^ («' + 1) +.'y (/'+!) + &c.] -=- [x-\-y-\-&c.]

==[x.^+ y/=+ &c.+ x+ y+&c.]-=-[x+ 2/ + &c.]

= [xe'+ yr-\-&c.]^[x+ y-\-&o.]-{-l.

Now if it has been shown that in the case of n sources of

error, the mean square of the resultant is equal to n, or if-
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€^,= [x e^ + y /^+ &.J -- [:c + y+ &c
J
= K,

we have, substituting,

f„+i- = e„''+l =« -|- 1.

The law has b.een shown to hold iu the case of four sources

of error, hence it holds for 5, hence for 6, &c. ; that is, it

holds for any number of sources of error.

We- have therefore, the following law :
—

The mean square of the errors resultingfrom every possible

cornbination of a given number of unit sources is equal to the

number in question.

(/) Law of Mean Squares. If, instead of combining

an error ± 1 with x errors of the magnitude e, we should

combine an error of the magnitude ± e' with them, the mean

square of the resultant would be e^ -|~ ("O^-

If therefore a new source of error arises iu which the re-

sultants are in x' cases, ± e', in y' cases, ± _/', &c., the meau

square of the resultant will be

[x'(e^-f (e')^) +y'ie^+ {f'Y) + &c.J - [^' + y +&c,]

= [a;' «2+ y' e^+ &c. + xi (e') ^ + y' (ff+ &c.J -^ [x' +
y' -\- &C.J

= e^+ Ix' {e'f+ yi {ff+ &c.] -=- [x' -f y' + &c.

J

where e^ represents the mean square of the resultant errors

due to the new source. In the same wa}', the mean square of

the resultant due to combining the new source of error with

the resultants /, is to make the mean square of these result-

ants, /^4-€^; that is, the squares of all the previous re-

sultants are increased on the average by the amount e";

hence also the mean square of these resultants.
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The law of mean squares may now be stated in general as

follows :
—

The mean square of the errors resulting from combinations

of accidental causes is equal to the sum of the mean squares

due to each separate cause. ^

(cf) Coefficient of Probability. The coefficient of proba-

bility, or ratio of the probable error to the error of the mean

square depends upon the manner in which errors due to a

great variety of sources are distributed in a long series of

observations, A calculation of this coefficient may be based

upon any of the curves plotted in the figure (see d).. We
will choose the curve due to 100 sources of error, not ouly

because this curve is better defined than the othejs, but also

because it has Leen found not to differ perceptibly from

curves obtained with 1,000 or 1,000,000 sources of error.

There is in fact a wide limit within which the results may be

applicable. At the same time it must not be forgotten that

the other curves yield results which in a great many cases

would be more conformable to the facts.'

We find from the fable (see c) that the number of com-

binations due to 100 unit sources which give resultants less

than ± 6 is,

(932 + 989 + 1009 + 989 + 932) X 10'° = 4851 X 10'".

In the same way we find the following numbers :
—

Less tfian ± 6, 4851 X lO^s Less than ± 8, 6539 X lO^^

Equal to ± 6, 1688 " Equal to ± 8, 1468 "

Greater than ±6, 6138 Greater than ± 8, 4670

Total 12677 X lO^e Total 12677 X lO'^^

' Most observations are affected by a few large sources of error,

in comparison witli which tfie smaller sources may be neglected. The
distribution of errors may also be altered by the nature of the sources

from which they arise.
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Evidently the probable erroi' is greater than ± 6, because

there are more combinations giving a greater than a smaller

resultant. The probable eri-or is also evidently less than

± 8. It would be sufficiently accurate for most purposes to

call the probable error in such a case 7 units. A more pre-

cise value may be found by interpolation.

In practice resultant errors are not confined to certain defi-

nite values such as ± 6 or ± 8, with gaps between them, but

we find them, as indicated by the continuous curves of the figure,

more or less uniformly distributed. We may assume therefore,

as a first approximation, that the 1468 X 10^* combinations

which in a hundred sources of error each equal to ± 1 would

give resultants equal to ± 8, are in practice distributed evenly

between ± 9 and ± 7 ; while the 1688 X 10^'' resultants of

± 6 reach from ± 7 to ± 5. There would in this case be

about 844 X 10^° combinations between ± 6 and ± 7, and

(844-1-4851) X lO^'S or 5695 X 10^^ combinations below

± 6. The probable error («p or p) corresponds to half the

total number of combinations, that is, to ^ 12677 X 10^^=
6338 X 10^', nearly. Applying the ordinary rules for iiiter-

poLtion,' we find

p = 6 -1- (6338— 5695) -=- 844— 6.7 +.

Now the error of the mean square due to 100 unit sources

of error is, according to section (e), equal to VlOO or 10

units ; hence the coefficient of probability is 0.67 -j-.

(A) Probable Ei-rors of Sums and Differences. When

several quantities are added together, the sum is affected by

1 A more exact value of this coefSeient may be obtained by metli-

ods of interpolation involving 2d and 3d differences, or by consider-

ing a greater number of sources of error. Such a" value of tlie

coefficient is 0.67449. A similar investigation shows that the ratio of

the probable to the average error is 0.8453.
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the errors in each quantity.: - Since the probable error is

always proportional to the error of mean square, we find,

from the law of mean squares (see (/)), that the probable

error (p) of the sum is equal to the square root ot the sum

of the squares of the probable eirors (pi P2, &c.) of all its

components ; that is,

p =zVp{' -\- f^+ &c.

The case is somewhat simpler when all the quantities added

together are affected by the same sources of error. The

number of sources of error in the result is then proportional

to the number of the quantities, hence al^o the mean square

of the errors. It follows that the probable error is propor-

tional in such cases to the square root of the number of terms

added together.

The same principles apply to the calculation of resultant

errors in differences as in sums ; for negative errors are sup-

posed to be just as frequent as positive errors, hence it can

make no difference in a long series of results, as far as the

errors are concerned, whether one quantity is to be added or

subtracted from another.

The probable error of the sum or difference of two quan-

tities affected by the same sources of error is therefore greater

than the probable error of the quantities themselves in the

ratio of ^2 to 1. Evidently the error bears a greater pro-

portion to the difference of the two quantities than to theiv

sum. Methods of difference are, therefore, relatively inac-

curate (see § 38).
'

(i) Multiplication and Division of Errors. When an ob-

served quantity is multiplied or divided by a constant, the

error of observation is also evidently multiplied or divided by

the same constan*; hence the probable error is increased or

diminished in the same proportion.
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(_/) Probable Errors of Averages. If the probable error

of a single observed quantity is p, that of the sum of n simi-

lar quantities is, as we have seeu (see Qi)), p /Jn. Id find-

ing the average of* n quantities, we divide their sum by n ;

hence, according to the last section, the probable error is also

divided by n. It follows that the probable error of the aver-

age of n similar observations is p Wn -h n =^ p -^ ^n.

That is, the probable error of the average of several observa-

tions affected by like sources of error varies inversely as the

square root of the number of observations.

{k) Estimation of probable error from the differences be-

tween separate observations and their mean.

Let y + 6], 5 -f~ ^2> 9+ «3 • • ? -|- «n denote a series of

n observations of a quantity q. The mean (m) of these ob-

servations is then

»w= 9 -t- (ej + 62 + es ^- • • -\-e^) -i-n.

The difference (c?i) between the first observation and the

mean is

<^i = 9 + ei — »«= «i
— («i + «2+ «s + • • • -\-e^)n

'*
—

^ei-f ii + £i + .

'"

n n n n

That is, the difference between a given observation and the

mean is found by multiplying one of the errors by {n — 1)

-r- n, and the other {n— 1) errors by \ ^i- n. If e^'is the

mean square of the errors, the mean square of one of the

terms must be e^ (n— 1)^ -k- n^ ; while the mean square of

the other (w— 1) terms will be €^ -f- ??^; so that the sum of

these mean squares, which is equal to the mean square of the

differences
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Conversely we have

n —

1

d\ (2)

From this and preceding formula, we find the following

rule for the calculation of probable error: Add all the obser-

vations together, divide by their sum to find the mean, subtract

the mean from each observation to find .the " differences
;"

square all these differences, add the squares together, divide by

the number of observations less one, to find the mean square of

the error of observation ; extract the square root of this result

to find the error of the mean square, multiply the error of the

mean square by 0.67449 (0.7, nearly) to find the probable

error of observation ; divide by the square root of the number

of observations to find the probable error of the mean of the

observations.

(1) Example of the calculation of probable error (see

§50).

A. No of



PROBABILITY OV ERRORS. 1123

(m) Probable errors ofproducts and quotients. The prob-

able errors of products and quotients are easily calculated by

considering the proportion which the component and resultant

errors bear to the quantities which they affect. We have, for

instance, in tiie notation previously employed (§ 156) : —

qiXq.X fl-f!i + *-?\ nearly,
\ qi qJ

?.i = ?1
f 1 + lA -^ A + !?) = 1^

f
1 + «-i - !i) nearly,

"2 92 \ 9i/ ^ q%i q^ V qr q^l

neglecting in both cases terms which involve powers or prod-

ucts of the small ratios (e : q); that is, neglecting terms of

the second or higher degrees of smallness. It is evident

from these formulje that the proportional errors, e^ : qy Sec,

are compounded in products and quotients just as ordinary

errors are in sums and differences. The probable error (p)

of a quantity q may, therefore, be calculated from the prob-

able errors, pi, p^, ps, &c., of its factors, qi, q^, q^, &c., by

the formula

The same formula is to be employed whether the factors

occur in the numerator or in the denominator of the frac-

tion by which the quantity q is determined.

(w) Probable Errors of Powers and Roots. When an ob-

served quantity, o, is raised to the power n, the result may be

expressed :
—

<'(+:))=«"(+;)"=
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," (l + -+ li!!_ILO !l + &c.) = ^„ (l + . i) nearly.

The effect of raising an observed quantity to the power m is

therefore to increase the proportional error, e : 9, in the pro-^

portion 1 : n. Since all such errors are increased in this pro-

portion, the proportion which the probable error bears to the

quantity which it affects must be increased in the same

proportion.

The effect of extracting the «* root of a quantity is the

same as that of raising it to the power 1 -=- n ; that is, the

ratio of all errors, and hence that of the probable error to

the quantities affected, is diminished in the ratio of n : 1.

(0) General Method for finding the Probable Error of a Re-

sult. The data from which results are calculated may gener-

erally be expressed in the form ji= Oi ±§1,^2= "2 ± ^2- &c-

The result r is then calculated from the values o^, Og, &c.

Then the value o^ ± ey is substituted, and a new value of the

result r^ is calculated. Next the original value Oi is em-

ployed, but O2 ± «2 is substituted for Oj ; and the correspond-

ing value of the result r^ is found, &c. The differences «/i
=:=

j'l
— r; di=zr^ — r, &c., represent the magnitude of the

errors in the result due to the probable error in the several

data. We have accordingly, from the law of mean squares,

for the probable error {p) of the result

P= Vrf/+ «?2' + &c. (1)

(j») Methodfor Determining ike best possible Distribution

of Time. It is generally easy to see, from expressions for

the probable error of a result, which of the data have the

greatest influence upon the result. The number of observa-

tions upon which such data depend, should evidently be in-
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creased, other things being equal, in preference to observa-

tions for the less itaportfint data. Let us suppose, however,

that such observations are exceedingly difficult, or that the

number already made is so great that little comparative ad-

vantage can be gained by spending upon them an additional

(limited) amount of time. The question then arises, would

it not be better to spend the same amount of time upon some
of the less important data ?

The question is one to which it is easy in most cases to

give at least an approximate answer. First decide how much
time can be spent ; estimate from the results of experience

how many observations of each kind can be made in this

length of time. Calculate the diminution of the probable

error in the case of each of the data due to the additional

number of observations, and fhid as in the last section, the

corresponding reduction in the probable ei-ror of the result.

That distribution of time is of course the best which gives

the greatest reduction in this probable error. Certain prac-

tical rules concerning the distribution of time will be found

in § 49.

(q) Method of Least Squares. We have seen that the

mean square of the errors of observation is an indication

either of the number or of the magnitude of the sources of

error. We make use of this fact in estimating the relative

accuracy or inaccuracy of different methods of observation.

That method is, other things being equal, the best which

makes the sum of the squares of the errors the least.

In calculating errors We have to assume more or less

knowledge of the true value of the quantity observed. Any

error in such an assumption introduces a new (apparent)

source of error into the observations. It therefore tends, on

the whole, to increase (apparently) the mean squares of the

errors. Of two assumptions, we choose therefore, other things
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being equal, that which makes the sum of the squares of the

errors of observation appear to be the least.

Let us take, for example, the case of a brass rod, the length

of which was found to be 1000.0 mm. at 0°, 1001.7 mm. at

100°, and 1004.0 at 200°. The most probable value of tlie

coefficient of expansion in such a case evidently lies between

the maximum value observed (0.000023 from 100° to 200°)

and the minimum value (0.000017 from 0° to 100°). The

most probable value of the length of the rod at 0° lies more-

over between 999.4 mm. (which would correspond to a length

lOOl.T'mm. at 100° and a coefficient of expansion 0.000023)

and 1000.6 mm.; which would correspond to a length 1004.0

at 200° and a coefficient of expansion 0.000017. Let us as-

sume that the length at 0° and the coefficient of expansion

are half-way between these limits, that is 1000.0 mm. and

0.000020 respectively. The length at 0°, 100°, and 200°,

should then be 1000.0, 1002.0, and 1004.0, respectively.

This would taake the errors of observation (expressed io

tenths) 0, — 3, and 0, respectively ; hence the sum of the

squares would be 9. The sum of the squares in this and

other cases is shown in the table below

:

.000017 .000018 .000019 .000020 .000021 .000022 .000023

9)9.4
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The smallest value in this table is 6, corresponding to the

coefficient of expansion .000020, and a length at 0° equal to

999.9 mm. The' most probable assumption which we can

make, therefore [without considering values intermediate be-

tween those given in the fable], is that the length of the bar

really was 999.9 mm. at 0° and that its coefficient of expan-

sion was .000020.

The validity of this conclusion evidently depends upon the

truth of the assumption that the bar has a constant coeffi-

cieut of expansion.

The three observations given above indicate that the co-

efficient of expansion is greater from 100° to 200° than

from 0° to 100° ; but in the absence of a greater number of

observations, there is no way of testing the truth of this

indication. Any theory in regaid to the variation of tlie

coefficient of expansion would in general be investigated by

the method of least squares.

It is o£ course unnecessary .in practice to tabulate more

than a few values, in order to see where the least square lies.

This method of approximation is not necessarily longer than

the calculus methods ordinarily employed ; and has the ad-

vantage (which the teacher will see by referring to examples

in Well known text-books) of giving in many cases a more

accurate result.

(r) Advantage of the Arithmetic Mean. If m is the arith-

metic mean of n observed quantities, Oj, O2. • • • »„, affected

by like sources of error, and if the differences of these quan-

tities from the mean are d^, d^, . . . d„, we have Oj= m -f c?i;

02 = w + (/a ; . . o^= m-\-d^. Hence, adding and divid-

ing by 71, we have

m= (oi -|- 02 + . . . + On) -^ «=
(m-\-di + m+ A,+ . +m-\-d^)-^n

= m-\-{di+ d^+ . . . -\-d,)-^n.
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It follows that c^i + <^2+ • • • ~\-^n=">- '^I'e mean square

of the differences from the meau m is

The mean square of the differences from any other value

differing from m by the amount e is

= [(rfi^+ <^,^+ . . . -^dj') + (ne^) +
{2d,e-\-2d,e-\- . . . + 2fl'„ e)] --

n

= i.^-{-e^-\-2ne(d^-{-di+ . . . +0-=-n.

The last term in parenthesis is, as we have seen, equal to 0;

hence we have simply

That is, the mean square of the differences between the re-

sults of observation and their arithmetic mean is less than

the mean square of the differences from any other value.

It follows from the principle of least squares that the arith-

metic mean of a number of observations affected by like sources

of error is the most probable value of the quantity observed

which can he derivedfrom these observations.

(s) Wiight of different results. Let us suppose that ou

one day we have made 20 observations of the boiliug-point

of some alcohol, the result being 78°.58 ± .06 ; and that on

another day we have made 80 observations in exactly the

same manner, with the result 78°.48 ± .03. It follows from

the last section that the most probable value of the boiling-

point is that obtained by adding the total 100 results together,

and dividing by their number (100). Let us suppose, how-

ever, that the original observations are lost. It is seen, never-

theless, that the sum of the first 20 must have been 20 X
78°.58, or 1571.60 and that the sum of the last 80 must have
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been 80 X 78.48, or 6278.40. Tbe total of the 100 obser-

vations must, therefore, have been 7850.00, hence the aver-

age is 78.50.

The number of observations of a given sort represented in

a result determines what is called the Weight of (he result.

Evidently if the weights of several data /-j, r^, &e., are w-^,

W2, &c., the most probable value of the result, E, is

J^^ Wl Ty + Wg y-g -|- &C .

Wl + Wg -(- &c.

Now let^ us suppoise that the number of observations upon

which dift'erent data depend is unknown. We have, for

instance,

r-i = 78°.53 ± .06

rg — 78°.48 ± .03
;

it follows from the rules of probable error that the last result,

having one half the probable error of the first, represents

four times the number of observations, hence if we call

Wi = 1, w^ ==.4. This gives

^^ 78°.58 + 4 xj8^^,8°.50
4 + 1

as before. Tn the absence of any better indication of the

relative weights of different results we may accordingly esti-

mate these weights Wj, w^, &c., from their probable errors

pi, p^, &c., by means of the formulse,

Wi= 1 -^p-i^; Wg^ 1 -7- p2\ &c. (2)

It is cu'tomary to extend this principle even to cases where

results are known to be affected by unlike sources of error.

The weight of a result is defined in general as the reciprocal

of the square of its probable error.

35
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APPENDIX XI.

PROOFS OF FORMULA.

(a) Centrifugal Force. When a body of mass m and

velocity V in the direction AB\s caused by a force/ to move

along the arc of a circle

-^ i CD, for a short time,

K it reaches a point G
such that AG=vt. lu

the same time it is de-

flected in a direction at

right angles to its origi-

nal course through a

distance BG, which by

the law of falling bodies

(§ 108) assuming the

force to act constantly

in the direction BG, is

JiC-.
*(i)"

the expression (/ -^ m) taking the place of g. Drawing

the diameter AD, and the chords ^Cand DO, we have by

similar triangles

BG: AG:: AG : AD.

Substituting for BG its value from the formula, for AG its

value {vt nearly), and for AD its value in terras of the ra-

dius (2r), we have
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(1)

It is evident that the direction of the force is not constant,

and that, as the chord -4 C is less than the arc, the former

cannot be exactly equal to vt. We may, however, consider

arcs so small that the change in direction of the force and

the difference in proportion between the arc and its chord

become less than any assignable quantity. The formula

above is therefore exact.

i G'

A second demonstration of this formula depends upon the

method of representing changes in velocity (§ 105). Let

A, B, C, &c., be the velocities of the moving body at differ-

ent points in a circle of radius r, and let A\ B', 0', &c., be the

same vehen arranged so as to start from a common point, 0.

The difference in velocity between A' and B' is represented

by the line A'B' ; between B' and C, by B'C, &c. Hence

the perimeter of the figure .4'^'C . . . A' represents the

total change of velocity in one complete revolution.
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This method of representation would be exact if the ve-

locity changed abruptly from A' to B', from B' to C, &c. In

point of fact, it goes through every possible intermediate

value. The real change of velocity is evidently equal to the

perimeter of the circle A'B'C . . . A', rather than that of

tiie polygon. Let 21 be the time of one complete revolution
;

then since the radius of the circle in question is v, the total

change in the time 2t is 2n-i7, and the acceleration (a) or

change of velocity per unit of time is

2TrV irv

¥t T'

At the same time the velocity, v, of a body making the cir-

cuit of a circle with radius, r, in the time, 2t, is

2n-y Trr , tt V— — ; hence _= _ .

•it t t r

Substituting this value, we find

The force (/) required to give this acceleration (a) to the

mas3 (m) is according to the general definition (§ 12) equal

to the product of the mass and acceleration ; that is, as

before

J. mv^
J ==. ma = ,

r

The force y, which is exerted upon the body by some re-

straint, is evidently directed toward the centre of the circle

in which the body is revolving, and is called accordingly a

centripetal force. According to the general principle of ac-

tion and reaction, an equal and opposite force is exerted by

the body upon the restraint. This is called a ce:titnfugaJl

furce.
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(b) Rotary Pendulum. Wlieu a body of mass m, sus-

pended by a coi-d AB (as in the figure), revolves about tlie

centre, C, of a circle of radius, r, under a force of gi-avity

equal to
ff
dynes per gram, the centripetal force exerted by

gravity is, by tbe principles of the composition and resolution

stated in, § 105, equal to mg X -S6' 74- AC, or,, calling AC—
I, and BG ?= r,

f_mgr
'

I '

(1)

Now from, the last section, if the time of a complete revolu-

tion is It, the velocity v is
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2-irr irr

2« t

and the centripetal force is

J. __ mv' m/ Trr\^ ir'^'i

r r\ t I i

Equating the two values of/, we have

mgr -K^mr

or, cancelling m and r, and multiplying by I,

9= -f' (2)

from which we find

< = 'ry/i (3) and l— ^~ (4)

We note that the distance I is not the length of the pendulum,

but its vertical component. When the displacement (r) is

small, I may, however, be considered (practically) equal to

the lengih of the pendulum.

(c) Simple Pendulum. The force / acting upon a rotary

pendulum at any point B of its orbit is from the last section

equal to mg X BO -i- AC The component of this force

in the direction of a given diameter FE is represented by

the line DCPm the figure. The distance passed over be-

tween the points F and B is equal to the arc FB ; the

component of this distance in the direction' of the diameter

is,Fb.

In the case of a simple pendulum, vibrating in the direc-

tion of the diameter FE, the distance passed over is (neglect-

ing- the difference between a small arc and a straight line)
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equal to FD (nearly). The horizontal component of the

force urging it in the direction Z)f (again neglecting small

differences owing to curvature in the path FE) is equal to

mrj X -DC'-T- J^(u,arly).

Now let the simple and rotary pendula start together at F

;

since both are urged toward E with the same force, the com-

ponents of velocity acquired in a given length of time will be

the same. The projection D of the conical pendulum upon

the diameter FE will therefore coincide with that of the

simple pendulum. Starting at any po'nt w'th the same com-

ponent velocity, and

urged forward by the

same component forces,

and having the same

components of distance

to traverse, the twu

pendula will evidently

arrive at or opposite C

at the same time, or

allowihg for curvatiure

of the path FO, at

nearly the same point

of time ; and in tlie same way, both will arrive at E at

(nearly) the same instant. In ether words, the time of a

simple pendulum is nearly the same as that of a rotary

pendulum.

When the arc of oscillation is very small, we may con-

sider the oscillations both of the simple and of the rotary

pendulum to be confined to a given plane, hence we have as

before

9= H
0)

^=V: (2) and Z= ^. (3)
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(d) Compound Pendulum. Multiplyiug both g and I in

the last two equations by ml, we iiave

»^= _^_,and.=:.^_. (1)

The quantity mlc/, or mg X ^) 's calied'the directive force {D)

exerted by gravity upon the pendulum; the quantity ml^ is

Called the moment of inertia {K) of the pendulum. Sub-

stituting these values, we have

(1) or^^.y/g. .(2)

When a pendulum of length I and mass m is deflected

through a small distance r, the force brought to bear upon it

is, as we have seen, equal to mgr -;- I. This corresponds to

a couple {ingr -r- 1) X ', or mlg X fj\ . Substituting for

the angle (r -i- I) its value in circular measure, «, we fiave

for the couple c,

c = mlg y^ a = D y, a.

The " directive force " (D) determines accordingly the

couple which is brought to bear by gravity (g) when a mass

(m) at the end of a lever-arm (Z) is deflected through a given

angle. The "moment of inertia" (mP) represents the

couple necessary to give to a mass (m) at the end of a lever-

arm (I) a unit angular velocity. This couple is evidently

equal to the product of the mass (m) and the square of the

lever-arm (I), because the force which must be exerted is the

product of the ma«s (m) and the velocity (/) acquired

;

hence the couple, or product of the force (ml) and lever-arm

(l), is equal to mP.
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It is evident that if two bodies when deflected through a

given angle are subjected to the same couple, and if the

same couple produces the same angular acceleration, (he

time of oscillation must be the same. The rermula above

must apply, therefore, to compound as well as to simple

pendula.

(e) Reversible Pendula. Let a pendulum of niass M, and

moment of inertia K = MP about its centre of gravity, be

suspended from a point at the distance x above the centre of

gravity ; then the directive force is

D = Mxg,

and the moment of inertia about the point of suspension is,

as will be proved under (/).

K= MP + Mx\

where h represents the radius of gyration about the centre of

gravity. The time of oscillation, t, is then

I K / MP+ Mx''

' = "V z>-"V—M^-
Substituting I= ~

, we have
X

< = 7ri/i,

where from the resemblance of the formula to that of a

simple pendulum, I is called the length of an equivalent

simple pendulum.'

Let us now suspend the pendulum at a distance y from

the centre of gravity such that

1 The length I is equal (by definition) to the distance between the

centres of suspension and oscillation.
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V= l, or y= I— x^ ! — X =—* ^
X X

Then we have

¥
- 9
X

^ M.¥xg xg ^ g

There are, accordingly, two distances, x and y, from the

centre of gravity which give the same time of oscillation.

We notice that xy = k^, also that x -\- y^l. If, therefore,

two points of suspension at the unequal distances x and y

from the centre of gravity and on opposite sides of it are

found to give the same time of oscillation, the length / of the

equivalent simple pendulum may be found by measuring the

distance between the points in question.

(/) Efrrors of Adjustment in the Reversible Pendulum.

Let the pendulum of the last section be suspended from a

point at a distance x' = a; -)- e from the centre of gravity.

The corresponding value of y is

3^ = - = —— = - (l — t) nearly,-
x' X -\- e .X \ xj

if e is a small quantity. Hence the length (V) of the equiva-

lent simple pendulum is

V = x' + y>=x+e^y(l-A ^x-^-y+ '-^^^liy.
\ X / X

lu the same way, if the pendulum be suspended from a point

at a distance y" ^y— e from the centre of gravity, the

length of the equivalent simple pendulum is
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y

Calling the distance between the two points of suspension I,

we have

l = r:' -\-.y" ={x-\-e)-^{y— e) = x + y;

hence we find-

V-l = xJ^y + '^^:^-ixi-y)='l^^-

?'-^ = z + ^ + f^Zl^ - ix+y) = '^^^, and
y y

ex— ey

V— I x y V— t , ,.
TT, /

=^ ^ i = — (nearly),
f— ; ex — ev X t"~t "

y

assuming that the effects of small errors upon the time of

oscillation are proportional to the effects upon the length of

an equivalent simple pendulum.

We have, accordingly,

yt"— yt^= xt'— xt,

xt—yt^ xt'— yt"= (a?— y) t' -\- yt'— yt".

Hence finally,

t — t'-\- y (i' — t").

We notice that

either t" > t' > t, or t!' < t' < t

;

in no case is t between t' and t".

It may be observed that if x and y are equal, the expres-

sions for Z, V, and I" become identical. In other words, the
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pendulum does not respond under these conditions to a slight

change in the points of suspension. To obtain, accurate re-

sults, X should be several times greater (or less) than y.

The formulae for the moment of inertia of a compound

pendulum are established only for parallel axes ; hence it is

important that the axes passing through the two centres of

suspension should be parallel. It is also important that the

centre of gravity should lie in the plane of these two axes

;

if it does not, the dislocation should be allowed for in calcu-

lating the sum of the distances x and y.

(g) Torsion Pendulum. The moment of inertia of a

(thin) ring about its axis is evidently equal to the mass M of

the ring multiplied by the square of its mean radius Ji, for

the whole mass of the ring is situated practically at the dis-

tance R from the axis (see (A)(1)).' The directive force, D,

of a wire which gives to a ring of mass M and mean radius

H a time of oscillation, t, is therefore, according to sec-

tion (fi) formula (1):

—

D^^IME (1)

The directive force, D, corresponds, as we have seen, to the

couple required to produce a unit deflection in circular meas-

ure. The "coefficient of torsion" for 1° is evidently found

by dividing the directive force D by the number of degrees

in 1 circular unit of angle— that is 57°.29578, or 57°. 3,

nearly. We have, accordingly, in general

rr -P •"• K ^n-v

57.3 180^2
V ;

(li) Magnetic Pendulum. When a magnet with poles of

the strength ± s, separated by a distance /, is suspended so

that it is free to move only in a horizontal plane, we need
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only to consider the forces exerted upon it by the horizontal

component of the earth's magnetic field, which we will say is

equal to H dynes per unit of magnetism. The two forces

are accordingly ± s Y. H.

If the poles are relatively deflected east and west through

a distance r, the oouple tending to restore them to the mag-

netic meridian, MM, is s X Ji X r,or (s X I X ii^) X (r -i- I).

The ratio r : I here determines (approximately) the small

angle a in circular measure through which the magnet is

deflected. The product s X I X H cbrresponds accordingly

to the product, D = miff, in the case of a compound pendu-

lum. Since the product of the strength («) and distance (I)

between the poles of a magnet determines its momen t M, we

have, substituting (see (d), (1)),

D= MH= TT^ —
,

where K is the moment of inertia (see k) and f the time of

oscillation of the magnet.

(i) Magnetometer. Let a magnet with poles of the

strength ± s, separated by a distance I, be brought near

a compass needle as in Fig. 200, If 183. Let d be the mean

distance of the poles from the needle. .The nearer pole, be-

ing at a distance d— ^l, will create a field of force /',

such that

±s
r--

'{d-hjf
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The further pole will create a field /", SBch that

The resultant field F is

F= f'-\-f"=±s(- I — ^ ) =

.gd+iiy-id-iin
\(d-iiyxid+ii)y

d^+ dl+lP-(d^-dl+jn ^ ±2£/
d^— d^P^-il* d»

^'

neglecting l^ in comparison with d^.

Now if H is the horizontal component of the earth's field,

and a the deflection, we have

F=: B tan a.

Equating the two values of F and substituting Jf for si we

have

H tan a = —— ,

or — = ^d^ tan u,. (1)
II

"We have already found in the last section,

e

M
multiplying the values of -= and MH together, we findH

H 2 t^

,whence ilf= - ^IKd^ tan a.
t ^
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M
Dividing the value MHhy that of -^, we find

H t^d^ tan a.

whence iK
(2)

P tan a

Instead of d^ in these formulae, we should strictly substitute

d^— dp -\- \l* -~ d. The last term may almost always be

neglected.

(y) Moments of Inertia about Parallel Axes. The mo-

ment of inertia {K) of a body about a given axis may be

defined as the sum of the moments of inertia of the separate

Y Y

CL.

masses of which it is composed. That is, denoting a given

mass by m, and its distance from the axis by r,

K^%mr^; (1)
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or, if we consider the total mass, if, of the body as divided

into small equal masses, m,

K^M7' — Mk\ (2)

where k is the " radius of gyration " about the axis (or the

radius of the mean square). Denoting by x and y the dis-

tance of m from two rectangular planes passing through 0,

we have, substituting

K— Mr''— M {x" -\- y") — M {x^ + y'').

In the same way, the moment of inertia about a parallel axis

0', at a distance 00' ^ c from 0, is determined by the dis-

tances X -\- a and y -\- b from two planes 0' X' and 0' P
at distance b and a from OX and T, so that a^ -\- b^ =;= c'^.

We have accordingly

K'= M{rif= M{xiy -\- (yiy= M(x -\- of+ [y+ 6)-^

=M x" -^-lax -\- a" -^ f -\- 2hy+ W

= M(^^ -\-f -\- 2^ \-^ -\-l?+ h^.

Now if contains the centre of gravity, we have by defini-

tion a: ^ and y ^ 0, hence 2ax = and 2by = ; this

gives

K' — M(^' -{-f + a^ + b'')=M^+ Mc^=
Mk^+ Mc^= K-\-Mc^ (3)

It follows that the moment of inertia (-ST) of a body of

mass M about an axis passing through the centre of gravity

id less than that (K') about any other parallel axis at the

distance e by the amount Mc^, which is equal to the moment

of inertia of the whole mass ilif concentrated at a single point

at the distance c from the axis.
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The quantity Mc^ represents the difficulty of causing the

centre of gravity of a body to begin to rotate in an arc of

radius c. The quantity Mr^ or MV' represents the difflcuhy

of making a body begin to rotate about its own centre of

gravity. When a body begins to rotate about a given axis

and also about its centre of gravity at the same time, both

sources of dififtcalty are met.

(i) Calculation of Moments of Inertia. The moment of

inertia of a small mass m, at a distance / from its axis of

revolution, is by definition ml^. The moment of inertia of a

thin ring of mass M and mean radius R about its axis is ac-

cordingly MR^, for the ring may be thought of as composed

of n small masses of the magnitude m, and such that nm=
Jf, each of the masses being situated at a distance R fiom

the axis of revolution. Since the moment of inertia for each

mass is mR^, the total is ra X "*-S^ or (nni) R^ or MR^.

Heuce we have

K=MR\ (1)

The moment of inertia of a long thin bar of length I and

mass M is evidently less than M X {k^Yi because the whole

of the weight is not situated at the end of the bar. The

moment of inertia increases in fact according to the square of

the distance x measured from the centre of the bar outward.

Hence, applying the method of averages, we find for either

end of the bar

E_ _M_ * _ , M{L\
2 2

^^

or K=i^^MD (2)

The moment of inertia of such a bar about an axis at a dis-

tance a from its middle point is, aceording to the last section,

36
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K= ^s-^L'' -\- Ma^ (3)

A bar of length L and breadth B may be considered as

composed of a series of thin parallel bars of length /, each

having a moment of inertia -^^ML^ -\- Mif, depending upon

its distance y from the axis. Imagining such a bar to be di-

vided longitudiually into halves by a plane passing through

the axis, we find, averaging for either half,

Q B Q B Q n

whence K=i^M{U^ W)

.

(4)

The moment of inertia of a thin ring of radius r about one

of its diameters as ati axis is found by averaging tlie square of

the distance (r sin xY oi points subtending all possible angles

X from the centre of the ring, and multiplying by the mass

M of the ring. Since sin^x^=^, (see IX. {j)), we find

simply

K=IMR\ (5)

A thin disc of mass M and radius R can be regarded as a

series of rings with increasing radius and mass. The mass

of a ring of radius x bears to one of radius R (of the same

breadth, thickness and density) the ratio a; .• i? ; and since

the moments of inertia are proportional to the masses and to

the squares of the radii, they are to each other in the ratio

x^ . R^ ; hence on the average the moment of inertia of a

series of rings occupying a total breadth from to i? is to

that of a series of the same breadth, all having the radius R,

in the ^proportion (see IX. {h)),
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x« -^ R^ —I. (6)

The area covered by a series of rings of the breadth R and

radius £ would, however, be 2irli X -K = 2wR' ; while the

area actually covered by the rings is irR'^ ; hence (assuming

that masses and areas are propOrtioual) the mass with which

we have compared the disc is 2M. We conclude that the

moment of inertia of the disc about its axis is

K= i2MR^ — iMR^ , (7)

and for the moment of inertia of a disc about a diameter,

K = 12^ R^ = \MR\ (8)

The moment of inertia of a disc of mass M about a diam-

eter cau also be found by averaging moments of inertia cor-

responding to a given distance x from the diameter. The

moment of inertia of the disc about an axis parallel to the

diameter and passing through the axis of the disc at a dis-

tance L from it is, according to the last pection,

K=\ME' ^ MU. (9)

A cylinder with a transverse axis passing through its

middle point may be regarded as a series of discs situated at

regularly increasing Tiistances x from the axis. The moment

of inertia of any such disc is

K= iMm^Mx";

hence, averaging (see IX. (/)), we find for either half of the

cylinder,

Q- L. Q I' Q _L

1 = iEr^ + ^x^^'= \^R^\ f-^
2 * 2 ^2 * 2 ^2
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^.Mr.,
f-+*f(f)''

whence K =
t'j
ML^ -f 1 MJi'' (10)

A sphere of radius R may be regarded as a series of discs

of varying weight and radius. The weight of a disc at the

distance x from the ceutre of the sphere bears to that of one

of the same thickness at the centre the ratio y^ : R^ : the

moments of inertia are proportional to the weight multiplied

by the squai'e of the radii, hence are to each other as y* : R*.

The moment of inertia of a sphere compared with that of a

cylinder of the same length and diameter is therefore (see

IX. (i)),

-R \-R

t =
R*

+ R
(R^—xy _

-R- +R
R*

= 1-

= 1

+ i = A •

R^^R*

(11)
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The volume of the sphere is ~ R^ ; that of the cylinder
o

is 2R X TT /2^ = 2n-.ffi'; that i:;, 1^ times as great as the

sphere. Hence if the mass of the sphere is M, that of the

cylinder is l^M, and its moment of inertia about its axis is

\XHM-K R'^—l MR\ The moment of inertia of the

sphere, being ^ that of the cylinder, is accordingly,

^= A X ^mr'-^imr:- (12)

(/) Coefficient of Viscosity. Let a tube of radius r and

length / be filled with a liquid of which all is frozen except

a tubular section of

(mean) radius x, and

unit thickness. Let^

be the difference of

pressure at the two

ends of the tube, then

the force on the core

is /) X Ta;^ (nearly).

This is resisted by a

force equal to the ve-

locity V of the . core

multiplied by the

(mean) area of the opposite surfaces of the tubular section,

27ra?Z, and multiplied by the coefficient of viscosity, 17. That

is,—
2Trxrjvl = pvx^, whence

2r,l

The quantity (or volume) q of (pi-incipally frozen) liquid

which flows through the tube in the time t is

q = TTxStt ; hence, substituting,
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If now a new tubular section be melted, either inside or out-

side of the foi'mer section, the relative velocity of all points

within the new section will be increased as much as if the

former section were solid, hence the increase in the flow will

be represented by the same formula as before. We may

suppose all the sections to be melted one by one, each con-

tributing a certain amount to tlie flow. If Q is the total flow,

Q -i-r must be the average flow for each section ; hence we

have (see IX. (h)),

r 2-ql

'

2r)l' ^ 2rjl

'

Now if the pressure p is due to a hydrostatic column of

height h and density d, and if the acceleration of gravity is

ff,
we have

p :^ ghd.

The weight of liquid delivered is, moreover, ^ X ^^ so that

^ d

Making these substitutions, we have, solving for »;,

_ irgd^hrH
^

8wl

(m) Coefficients of Elasticity.^ When a unit cube is sub-

jected on all sides to a pressure P, its volume is reduced by

an amount v, given by the equation

v= L
M'

1 The formulse here derived apply only to " isotropic " substances.
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where Mis by definition the " coeflSci-eiit of resilience of vol-

ume." The increase (/, b, and t,) of the length, breadth,

and thickness, are of course each equal to ^ v. That is,

l—b— t= i
P
M'

When a U-iit cube is subjected to a pressure P on two oppo-

site faces so as to diminish its length, and an equal tension on

two other faces so as to increase its breadth, its volume re-

mains the same (nearly) ; but the length and breadth are

altered so that

^ + b_ P
T^l - J'

where S is by definition the " coefficient of simple rigidity."

Since b a-id / are small and nearly equal, we have

L±i — 1 = 1 +6-1-;— 1 (nearly) =26= 2?= ^.

P
whence 5= ^= ^ -= •

o

When a unit cube is subjected simply to a pressure P in the

direction of its length, the latter becomes shortened by an

amount I, such that

where T is by definition " Young's modulus of elasticity."

At the same time the breadth and thickness increase by equal

amounts,' S and t,

p

where /* is by definition "Poisson's ratio."'
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Now let a unit cube be subjected to the pressure 3 P in the

direction of its length ; and let equal and opposite pressures

± P be applied to each of its sides. We shall then have a

uniform pressure, P, on each surface, tending to diminish the

volume, combined with two pairs of equal and opposite pres-

sures, P, one pair tending to increase the breadth, the other

pair tending to increase the thickness, and both pairs tending

t^m.

to diminish the length. Hence we have, adding the three

effects upon the length together,

V

We have also, remembering that the total longitudinal pres-

sure is 3P,
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^'= 3X J;

hence, equating the two values of V, and dividing through by

3P,

J- = J- + -L.. (1)

By means of this equation either one of the coefficients

T, M, or S can be found if the other two are given. If S
and M Ave proportional to the numbers 6 and 10, for instance,

T is represented by the number 15.

The increase of breadth and thickness can be found in the

same way as the length, remembering that only one pair of

equal and opposite forces tends to increase each, and that the

effects of compression tend to diminish the result. We have

*'="=* ^-
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and DA. This tendency is resisted by the plane AD, the area

of which is V'2. Hence the intensity of the tangential or

"shearing " stress is V^X P H- ^2 ;= P.

We have seen that if S is the simple rigidity of a body

subjected to a pair of stresses at right angles equal to ± P,

^ ^

the dimensions of a unit of length become altered by the

amount

I: -I-
If, therefore, the stresses are exerted along the diagonals of

the cube {AOD and BOO) one of these diagonals, AOD for

instance, will be shortened, the other lengthened by the

amount V 2 X ^ (since' the change of length is proportional to

the distance affected). It follows that AA\ DD', &c., being

equal to one half the change of length in each case, are all

equal to ^ V2 X ^j or
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From P, where AC and A'C intersect, draw a perpendicu-
lar PA'" to BA' and PO"",to X>'C"; and let AG cut B'A'

A";.-..'

and D'C at A" and C". Then, by construction, in the

(nearly) isosceles right-angled triangle AA"A',

A'A" = Vi XAA> = Vi X i Vi J = i^(nearly).
o o

We have also, by construction,

A'All — Ai'Aiii = 01-011 = CiiCiii (nearly), = ^d,

where d is the total dislocation of the side ^'J5' with respect

to CiJ)!, which, since the distance between the sides is 1, is

equal to the tangental or " shearing " strain. Hence we have
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p
d= ^AA' == -— (nearly).

or o = —

.

d

We have seen that P represents the shearing stress, d the

shearing strain; S is the "simple rigidity." It might also

be called the "modulus of shearing."

The constant S in formulae involving transverse stresses

and strains evidently takes the place of Young's modulus in

formulae where these stresses and strains are longitudinal.

(o) Coefficients of Torsion. In a thin tube of length Z,

tiiickness t, and mean radius r, the cross-section is 'i-nrt, and

if the angle of torsion is a in circular measure, the twist per

unit of length is a -=- Z, so that two points at the unit dis-

tance (measured longitudinally) are dislocated through the

distance r )^ a -i- I. The force necessary to produce such a

dislocation between surfaces of the area ^-n-rt is

/= 2wrtXrXo.^lXS,

where S is the "coefficient of simple rigidity.'' The couple

required is accordingly

c=/ X '^= ^wSrHa -=- I.

The " directive force " {d), or ratio of the couple to the angle

of torsion in circular measure is

, c ^T-SrH

A cylindrical rod (or wire) may be considered as a series of

tubes with radii varying from to r. The directive force

for each tube is less than that of a tube with the radius r

in the proportion a;' .• r" ; hence the directive force of a rod
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is less than that of a tube with a radius and thickness equal

to the radius of the rod in the proportion (see IX. (/j)),

r

Now the directive force of tube of radius r and thickness

r would be

hence that of the rod is (see section (d) formula (1)) ;

Dividing the directive force by (the number of decrees

in 1 unit of angle), we find the coefficient of torsion per degree,

T=—=:^ ^ (2)
360 360 ^

^ ^

Given D or T, the coefiicient of simple rigidity, S, may evi-

dently be found by the formula

^_ 2Z^ _ 360??'
,g.

If the directive force Z>is determined by the time of oscilla-

tion t of a body of moment of inertia K, we have, substituting

the value of D, namely tt'^K -i- f (see section {d) formula

(1)),

S=?^^f. (4)

(p) Transverse Elasticity. Let a beam consisting of two

thin rods, AD and jEH, of length L, breadth £, and unit

thickness, be bound in some light inelastic material except-
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ing the unit lengths BO and FG, which are at a distance I

from the ends of tlie rod, and at a mean distance * from each

other ; and let a transverse force p applied at the end of the

rod produce a deflection DD' = d.

'V//////M

Drawing GOG parallel to B'F' and bisecting G'O'G', to

that OC ^= OG' = ^ t, we have from (nearly) similar

triangles,

CO' .-00' :: GG'.-OG' .-.-d.-l,

or 00>= GG = itd^ I.

The forces brought into play by stretching the rods BG and

FG of unit length and with the cross-section B are, if

Young's modulus is Y,

f=± CO' X BT= ± itBTd -^ I,
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and the couple produced is

C—fXt= (itBTd H- X «= ifBTd -=-
1.

This couple must be equal to that due to the force p on the

arm I, hence

p X I— it^BTd -T- 1, whence

esd

'

It would be possible to find Young's modulus by this for-

mula (remembering that the result is to be multiplied by the

length ^Gand divided by the thickness of the rods, if these

are not unity) ; in practice we employ, however, a solid rod,

of thickness T, which we may consider as composed of a

series of pairs of rods of the unit thickness, equal in number

to \ T. If the total couple produced by these rods is G, the

average couple is evidently C -=-
J 7", or 2 C -^ 71 Hence

we have (see IX (/)),

0-

20_ ,fBrd _i y T^BYd_^T^BYd
-f
- ^ —j- -^ • ^ —i s —I

>

from whish,

,_ 12CT _ 12 (FX V)l _ lai'^'~ BT^Y BT^Y BT^Y'

where F is the force producing the couple C. Now suppose

that the rod is released from its restraint to a distance L from

the free end, each portion contributing an amount d to the

total deflection D, due to the bending of all the portions.

The average deflection due to each unit of length of the rod

being D -r- L, w& have
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D
T

\'2FP_ _ 12 X W — ^^^'

from which we find

7=

BT^T

AFD
BT^'D

When a rod of length I, breadth b, and thickness t, supported

at both ends and loaded in the middle by a force/, is deflected

through a distance d, each support reacts with a force F :=:

^J, and since the middle of the rod remains horizontal, the

length bent is Z= ^l. Substituting these values we find

Y- 4 UiW JV
UH ^hM

(q) Longitudinal Wave Motion. The strata of a medium

which in a state of rest would be equally spaced, as in the

series (1), in the figure, are when transmitting a wave of

HfMII III

llllllllllllHfll

1 \

]

sound, crowded together is some places, as A 2, C2, B3, and

D 3, and more or less separated in others. It is seen that a

comparatively small distance traversed by the strata between

(2) and (3) accounts for the apparent movement of the con-

densation from A to B. We will suppose this apparent move-

ment to continue indefinitely with the velocity v, and that

several imaginary points, a, b, c, &c,, move with the same ve-
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locity and in .the same direction, so that one of them, a for

instance, is always in the denser portion of the " wave," while

another point, b, is in a comparatively rarefied portion. The

number of strata traversed by a in a given length of time

must be approximately the same as that traversed by h, for if

a left many more strata behind it than h, the strata would

soon become exhausted from between them, and if h left more

behind it than a, there would be an indefinite condensation

of strata. Both of these suppositions are contrary to the

conditions which we have assumed. Now if n' is the number

of strata per unit of distance at a, n" the number at b, v the

velocity of the points a and b, v' that of the strata at a, and

v" that of the strata at b, the relative velocities are v— v'

and V— v" respectively ; the number passed by a in the time

t is {y — v') n't ; and that passed by b is (v— v'') n"l; hence

(y— vi) n't ^ {v— v'l) n"t.

Now the densities of the medium, d' at a, and d" at &, are

evidently proportional to the number of strata per unit of

distance, hence

v— v' n" d"

_„/ d"— d'

Now if d' represents the mean density, d, of the medium and

v the corresponding velocity, which, in the absence of any

motion of translation [e. g. wind] we will assume to be 0,

we have, substituting,

37
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v—
d"- d d

(1)

That is, the velocity of a given particle is to the velocity of

the wave a? the difference in density from the mean density

is to the mean density of the medium. We notice that in

the denser portions of a wave the particles are moving with

it ; but in the rarer portions they are moving against it.

Under these conditions only is longitudinal wave-motion

possible.

(r) Ve 'ocity of Sound in Air. Let 1 and 2 in the figure

be two points on opposite faces of a centimetre cube of air.

->

\
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The mass acted upon is numerically equal to the densit)' of

the air,

m ^=- d (nearly)

.

The velocity acquired is equal to the difference between the

original velocity, v^ at the point 1' and the final velocity, v^,

which with the other properties of the point 2 are carried to

the point 1 by the progression of the wave. We have,

therefore,

Substituting the values of t,f, m, and A v, in the formula

expressing the general law of motion,

f y^ t=.m y^ At!, we have

Substituting for v^ and i>i their values from the last section,

namely

v^^- (rfj— d) and v^ — ^ {d^ — d) we have

iP2 -V.)X\= dX
(j

(rf, - rf) - ^ (^1 -d))

— V (d^—di).

Hence we find

v^=.Pl^P^. (1)
di— di

If air suddenly compressed obeyed the law of Boyle and

Mariotte (as Newton, wrongly supposed), iwe should have

P : D :: p^ : d^ : : pi ; di : : p^— pi : : d^— rfi, &c.

In fact, however, so much heat is developed by sudden com-

pression that the increase of pressure is, in the case of air,
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about 1.408 times, and in general k times as great as it

would be according to the law of Boyle and Mariotte: We
have accordingly,

ck— d D (2)

Substituting for kP the symbol E, representing the " coeffi-

cient of volume resilience " we have finally,

-=/f (3)

This formula applies to the-velocity of sound in any medium,

provided that E represents that modulus of elasticity which

resists the dislocation of strata accompanying the propagation

of the sound.

In the case of a thin wire, we substitute for E " Young's

modulus of elasticity," if the vibrations are longitudinal, or

the " simple rigidity " if the vibrations are torsional.

(s) Index of Refraction of a Prism. When a ray of

light, FGHI, passes througli an equilateral prism, AJL, in a

direction GH, parallel to the base, JL, the angles KGH and

KHG between the raj' and the normals BK and CK, are

evidently each equal to the angle of refraction r. The sum

of these angles (2r) is the supplement of BKG ; and the

prism angle A is also the supplement of BKC ; hence

r = iJ. (1)

From the equality of the angles KGH and KHG within

the prism, follows that of the angles BGF and CHI outside

of the prism ; these are accordingly each equal to the angle

of incidence, i. Now the ray of light is deviated at the

point G through an angle D GF, and at H through an equal

angle ; hence the total angle of deviation,
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d=2DGF=2(BGF—BGD)=2{BGF—KGB)

= 2 (t — r).

Hence

r= id, ori=zr-\-id=iA-\-id. (2)

Substituting these values of t and r in the formula § 102, we

have

/*= sin(iA-\-id)

sin a A)
(3)

(t) Index of Refraction of a Lens. When waves "of light

from a point B are brought to a focus at H, it is evident that

in a given length of time different distances are traversed by

different portions of the wave. Drawing the arcs AFI and

ADI with B and H as centres, also the straight line AET, we

see that the path BAH is longer than BEffbj the amount

DF. In the same time that light traverses a distance CG
through the lens it passes accordingly through a distance

OG -j- DF in air. The index of refraction is, accordingly,

OG-^DF
^=—GG
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The object of the present invrestigation is simply to express

DF and CG ia terms of the radii of curvature B G and

G' G) and focal lengths
(
BE and HE) of the lens. We have

by geometry

A

^ -e\-0'<:--^f\f-\s s- -,->"

{EF) = {AEf -H {BE) and {DE) = {AEf ~ {HE).

Hence

DF= DE + EF= {AE)' X (1 -4-/x + 1 ^A),

where /i and/j represent the conjugate focal lengths.

• We have similarly,

{OG) = {AE)''x (1 -hB'E+l -f- G'E) =
{AE)^X (1 ^ /?! + 1 -=- 7?.,) nearly,

neglecting the relatively small distances C^ and EG in com-

panson with the radii ^i and R^. Substituting these values

and cancelling {AE)'' we find

'

. .(1+1 + L ^ L)

CG

1 1 1 "

Substituting ^ for — -|- — (see § 103), we have,
P /i fi
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if Ei = B, = R,

h=
2^

__ R-^2F _ R
9ET ^ -r?2F F

(u) Compound Lenses. Let the lens studied in the last

section be cut in, two in the plane AI, and the two halves
made tangent at G-0,' also let the space between the two

B<- Bf^-
\.

halves be filled with a liquid having an index of refraction n>
less than ix. Then if v is the velocity of light in a.\v v -i- ft.

is its velocity in the lens and d -f- ^u' is its velocity in the

liquid. The time occupied in passing through the distance

EG -\- CE' is accordingly

{EG -\- CE') H- (/^ -=- k) = /x (EG+ CE') -f- v.

The time occupied in passing through an equal distance (from

A toA') through the liquid is' similarly fx! (EG-\- CE') -^ v.

The difference between these two times is compensated by

the difference in the time required to pass through the disT

tances BA -(- A'H and BE -\- E'H in air ; that is, the time
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required to pass through the distance EF -j- DE' in air.

That is,

^{EG+ GE') -^v—t,.'{EG-{-GEi) -^ v

= (EF+I)E')-hv,

whence /A— /X'

EF+DE'
EG -f GEi

'

Substituting as in the last section, and cancelling (AEY we

have

EF-^DE'—{AEY{\ H-/i-|-lH-/2)and

EG + CF'— {AEY (1 -^ ^1+ 1 H- ^2)

^ '^ ~
1

I

1
— 'i^—^ F'

It follows that

R\ /?2 R

R
h' = f^ — i F

B <: e
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tlie distances traversed through the lens, the liquid and the

air are (nearly) the same.

(v) Ekch-ostatic PoUntial. Two bodies, each charged

with a unit of positive electricity, repel each other at the

distance d with a force (/) such that

The work (m») required to change the distance between the

bodies from d^ to d^ is

w=fx{d^-d,)='h^,

where 8 Represents some mean between the distances d^

and d^,.

If we assume that the work W necessary to bring the two

bodies together from an infinite distance to the distance d is

in general

we have TFj = 1 ^ rfi, TFj = 1 -=- d^, &c., whence by

difference

c?2 di di d^ d^

where d is the geometric mean between rfj and d^. There

can evidently be no great error in using the geometric or any

other mean when , the distances are very small; and by

dividing a given motion into a sufficient number of steps

the proportional error in the estimation of w can be indefi-

nitely diminished. Now the proportional error in sums can-

not be greater than in the separate terms ; hence the general

formula, TF= 1 -f- rf, must be exact. The work W required
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to bring a unit of positive electricity to a given point is called

the electrostatic potential of that p .int. We have seen that

the electrostatic potential due to one unit of positive elec-

ti-icity at the distance d is 1 -=- rf; that due to q units is

accordingly

'=1-

When q units are distributed uniformly over the surface of a

sphere of radius /, they act upon points outside of the sphere

as if they were at the centre of the sphere. The potential

of the sphere is determined by the work necessary to bring a

unit of positive electricity up to the surface of the sphere,

that is, to within a distance r of the charge ; hence we have

e = i , and q= er.
r

Let two spheres, suspended as in 1 258, be.charged to the

potential e; then we have

q z=z q'= er z= er'= ^ed ==: ^ed'.

The force of repulsion is

where s is the distance between the spheres. This is balanced

by a force w X 9 X is -i- I; hence we have

i ——.= w XgXis-^i, or

2wgs
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whence,

, — i/ ^wgra'

(w) Absolute Electrometer. Let P be a poiut charged

with a unit of positive electricity, and AB an elec-

trified plane near P
charged with « units of

electricity per unit of

surface. Draw the

hemisphere A Q Q' B,

with unit radius and

with P as a centre ; let

q and Q be sections of the plane and hemisphere included in

a small solid angle Q, and let Q' be a similar section such

that PQ' is normal to AB. We have, by geometry,

q cos QPQi Q'

{PQT

Assuming that the hemisphere is also charged with s units

of electricity per unit of area, the attractions of q and Q'

resolved in the direction PQ' become

.X2^^,and.x ^'

{PqY {PQ'Y

respectively. We have seen that these two quantities into

which « is multiplied are equal. Since any two portions of

the plate and hemisphere occupying the same solid angle

exert the same attraction on the point f, supposing the section

of the hemisphere to be transferred to Q', the whole plate

must exert the same attraction as the whole hemisphere, neg-

lecting a small portion near the edges, and supposing the

whole transferred to Q'. Since the surface of a hemisphere
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of unit radius is 2^-, and the quantity of electricity is * units

per unit of surface, the attraction in question is

27r« -=- {:PQ)'^= 2tts.

In the absolute electrometer in % 270, we consider the

point P to be between two plates with equal and opposite

charges of ± s units per unit of surface. Hence the force

(/) on-Pis/= 47rs. If the distance between the plates is

d, the work required to take P from one to the other is

y X rf =^ 4:Trsd= e,

where e is the difference in electrostatic potential. The

charge on the upper plate, of area a, is « X o.j hence the

force F is

F= wff ^ s X a X '2-7rs = ^irs^a.

whence s = 1/—£_ .

Substituting this value of s we find

\ 'l-n-a V a

(.r) Capacity of Condensers. The electrical capacity c of

a body is defined as the ratio of the charge (9) to the electro-

motive force ((") ; that is the difference of potential which it

produces, or by which it is produced. Since, in the case of

a sphere of radius r,q^^er (see («)), we have

q er
c = 2-= -^= r. (1)

e e

We have seen in the last section that the difference of poten-

tial (e) between two plates charged with ± s units of elec-
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tricity per unit of surface and at a distance d is ATrsd. If

the area of either plate is A, the charge is

q= ± As,

This {q) is the available charge of the condenser formed by

the two plates ; for a flow of q units from one plate to tlin

other would reduce the charge of each to 0. It follows

that the capacity C, or ratio of the charge to the differcMce

of poteutiafor electromotive force is

C= i = ^^ — A- . (2)
e insd And

The plates are here supposed to be separated by air, or by

other material the specific inductive capacity of which may be

taken as unity.



1174 APPENDIX XII.

APPENDIX XII.

USEFUL FORMULA.

(a) Interpolation.

Let -|- a;= response of instrument to value A; — y=:

response to value A -\- a ; s^ sensitiveness z=x -\- y,

(b) Geometrical Formulae,

Circumference c of circle of radius r,

c=.2nr. (Table 3 i?')

Cross-section (q) of cylinder of radius r, weight w, density

(Table 3 G)

Volume V of sphere of radius r, and diameter d,

V=i7r7-^ = i7rd^; (Table 3 H)

whence d = 1.2407 -^"^

d, and length I,
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(o) Hydrostatics.

Mass M, Density D, Vulume V, and Specific Volume S,

D=-- ,M=VD; V=^.

Pressure p, due to verdcal height h, of column of liquid of

density d,

p = hgd. (§ 63)

(d) Expansion.

Reduction of volume V, and density D, of a gas at tem-

perature t. and pressure/?, to volume Fq aiid density JDo at 0°

and 76 cm.,

D,=DX-X ^^i-'. (Tables lS,d-e; § 81))

p ilO

vo=v X
fg

X -^-^- (Tables 18,/-;,)

Laws of gases, T, To, Tj,, T^ — absolute temperatures,

V, Vq, Vi, t\ = corresponding volumes,

p, po, pi p-i = corresponding pressures,

(0) at 0°, (1) at 100°, &c.

vp = Vfipo ^ViPiZ^ V2P2 &c.

(Law of Boyle and Mariotte, § 79)

T : To : Ti : T^ : : v : Vg : f1 : v^ &C.

(Law of Charles, f 76, § 74)

If 2 = absolute zero,

z= — 100° P" = — 100° —°— = — 273°.

P'-P" ^^~'°
(11174-76)
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Coefficient of expansion e (mean from temperature t^ to t^,

' = yX-h) m 63-74)

Linear coefficient e (mean relative from t^ to t^),

^^ ^^l^^^y (^240)

(e) Calorimetry.

Si $2, &c., = specific heats,

M'l W2, &c., = corresponding weights,

<i <2, &c., = corresponding temperatures before mixture,

li 4) &C'> = corresponding latent heats,

c = capacity of calorimeter, 4 its temperature be-

fore mixture, t the temperature of the mixture,

and q the no. of units of heat lost,

t— tg

C == Wi Si 4" ^2 Sa + Wg Ss + &c. (IT 91)

M'l h (t— h) -\- W2S2 (t— t^ -\- {t— ts)-{- 1 -\- h Wi = 0.

(t 100)

(f) Light.

Law of inverse squares,

--•(^)"-(4)'

Photometric law, x:y::a^:¥. (1[ 109)

Principal focal length = I', conjugate focal lengths =^fi

and /a.
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i. 1 J_
"~
/i+// (For real foci, 1117)

F= _ /l X /2

J__ J_
~

f^
— f^ (For virtual foci, 11119)

A = angle of prism, D =: angle of minimum (Jevialiou.

Index of refraction,

_ sin i(A+ D)
'^

sin i A (Appendix XI. (s))

R = mean radius of curvature of double convex lens,

F= principal focal length,

— ^ J. X ^
f^ — '-^^^- (Appendix XI. (<))

Double convex lens (of index /x) between plates filled with

liquid (of index, /a');

f^'= f^—iy (Appendix XI. (u)

)

Rotation of plane ofpolarization («) of sodium light in de-

grees due to depth d of sugar solution containing s grams

per cu. cm.

a = 6.65 «?.« or s = 0.150 a -^ </. (11245)

Wave4en^tk I, angle of diffraction ct, and distance between

lines of grating (d) in position of minimum deviation/

I z^ 2d sin la. (1129)

Correction of observed altitude, A.

s = semidiameter (sun = 16', nearly),

h =s dip ofhorizon (from point m metres high, 1 f 'Vm nearly),

38
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r = refraction (1' X cotan A nearly),

p = parallax (0' for the sun),

a—A-\-s— k — r + p. (1242)

Latitude, I, from altitude a and declination d,

1=20° — a±d. (II 242)

Longitude T, in hours, minutes, and seconds, from standard

times t' and t" of equal altitudes, and equation of time e,

T=i{t'J^ti')±e. (11243)

(g) Sound.

lAssajous' curves ; P, p ::= pitch ; n =z No. of lobes, c =:

No. of cycles per second,

P=np±c. (f 143)

Velocityv, pitch/), wave-length I, distances traversed d, d^,

rfj, corresponding times, t, ti, t^,

.=,rai33) =4=|^^ (1136)

f¥
.
/"iP

.
/TaTf „v= \/— = V/ = V/ for air.

\ £> \ L) \ n
(Appendix XI. (»•))

Velocity (vi) of longitudinal vibrations (Young's modulus

= r), _
''^~ V W (H 248 ; Appendix XI. (»•))

Velocity (v^) of torsional vibrations (Simple Rigidity= S)

*'^^ V F" (f 248 ; Appendix XI. (r)

)
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Pitch of a string, of length I, and mass m X I, stretched

by force /,

T
m" (Appendix VI., 64 J)P= ^l\J

(h) Moments of Inertia.

Moment of inertia of massM about axis through centre of

gravity = K; about parallel axis at distance c =K',

K' = K-\-Mc\ (Appendix XI. 0') (3))

Small mass Mat distance I from axis,

K= mP: (Appendix XI. (d))

Thin ring (or tube) of mass J/ and mean radius R about its

axis {e.g. rim of wheel),

K= MR\ (Appendix XI. (i) ( 1 )

)

Thin ring about a diameter (as in spinning),

K = \MR\ (Appendix XI. {h) (5))

Square bar of length L, breadth B, and mass M, about a

central transverse axis (e. g. suspended magnet),

K= tV M^rj + ^). (Appendix XL {k) (4))

Round bar of length L, and radius R, about central trans-

verse axis {e.g. suspended magnet),

K= t's ML^ + J MR". (Appendix XI.' {k) {10))

Disc or cylinder of mass J/'and radius R about axis (e. g. a

wheel)

,

K=l MR'. (Appendix XI. {k) (7))
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Thin disc about diameter (e. g. a coir) spinning),

K:^l MR": (Appendix XL {k) (8))

Sphere of mass JIf and radius R,

K=% MR\ (Appendix XL (k) (12))

(i) Dynamics.

Force f, actingfor time t, gives mass m velocity v,

ft=mv. (§ 106>

J. mv _. mv ft ft/= — ; < = __; j/i=^; v = ^^.
t J v m

Gravity (g), time t, veloqity v, distginpe (I,

V = gt. (§ 108)

«7 d^^gt^ (§108)

Ballistic pendulum,

v = AB v/-^-
\ AG

Pendulum of length I, time t (latitude X),

'T

(§ 109)

*~'^V/' (Appendix XL (c) (2))

^~^' (Appendix XL (c) (3)

)

I == 99.3562— 0.2536 cos 2 X. (Table 48)

^~^Y" (Appendix XL (c) (1))

g — 980.6056 ^ 2,5028 e.os 2 X. (Table 47)
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Compound, pendulum, with directive force D, and moment
of iueriia K,

iK
(Appendix XT. {d) (2))

t= TV 4 /

V D

Directive force D of magnet of moment ilf due to horizon-

tal component ^of earth's magnetic field,

71 llffj ~s K— '"^^ — "^ -^- (Appendix XI. (d) (1))

(j) Elasticity.

Coefficient of torsion T,

j,^ D _ -k'K

57°. 3 180 f ' (Appendix XI. (g) (2))

Simple rigidity S, of a wire of length /, radius r, and coeffi-

cient of torsion T,

3&0TI 27rlK
S:

rU''

(Appendix XI. (o) (3) (4))

Young's modulus T, for a beam of length /, breadth b, thick-

ness i, suffering deflection d, from force / at middle of beam.

fP^"^
ibd?

^^^-
(f 163 ; Appendix XI. (p))

Resilience of volume, with coefficient or modulus ilf,

/If— -
^^

9S-ST
(H 240; Appendix XI. (m) (1))

Poisson's ratio (//,) of lateral contraction to longitudinal

extension,
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BM—2S
lj.=

6M-\- -28
' (Appendix XI. (m) (2))

(k) Friction.

Coefficient of friction in fluids f, creating force F on

area a through velocity v,

^^^' (11172)

Viscosity coefficient rj, in capillary tube of length I and

radius r, transmitting in time t, a weight w, of liquid of den-

sity d, under a pressure p = hgd,

irgd'^hrH
''

8l^;i~- (1251 ; Appendix XI. (0)

Efficiency e of water motor with wheel of circumference c

making n revolutions per unit of time against tangential force

/, while consuming a volume v of water under the pressure p,

cnf*~^- (11175)

Mechaniccd equivalent of heat J, in terms of number of

times (»i) that a material of specific heat s must fall through

a distance d, under gravity (g) to warm itself t°,

J-
ndg

''-IT- (1178).

(1) Magnetism,

Mean strength s, of the poles of two parallel magnets, the

attraction of which at the distance d is greater than the re-

pulsion by amount A,

s = idVA (nearly). (§ 129)
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Moment of magnet with poles of strength ± s and distance

I between poles,

M^sXl- (1 185)

Magnetic couple (c) deflecting, a wire of coefficient of tor-

sion T, a°, or giving body with moment of inertia K, a time

of vibration t, in earth's horizontal field ff,

Maximum deflection a, due to magnet of moment M at

mean distance d, in earth's horizontal field If,

M , ,s,

S~^ ' (Appendix XL (i)(l)

Horizontal intensity /Tof earth's magnetism,

^- jSldU^^- (Appendix XI. (i) (2))

Dip (d), estimated by throws of ballistic galvanometer

;

a' due to vertical, a" due to horizontal components,

, chord a'

(m) Magnetic Current Measure.

Constant K oi a, coil with n turns of radius r,

j^ 2-irn~'
(iri99, §133)

Reduction factor of galvanometer with constant ^in mag-

netic field H, deflected a° by current 0,
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He{= — ^= for absolute units,
K tan u.

H O7=10 _ = —'— for amperes. ,'„
,
q„sK tanu. (11190)

Gomparison of tangent galvanometers with reduction factors

/and /', giving deflections a and a',

I tan a

T ~ to^ (1 201)

Shunt of resistance >S' increases reduction factor of gal-

vanometer of resistance R -\- ,Gm the ratio

i _ S
I i?_|_ G? -I-

^' (Appendix VIII., 61 C).

Dynamometer with large coil of constant K, and small coil

of magnetic area A, gives deflection a, under current in

amperes G, against torsion of wire having coefficient t, such

that

C = 10 i/— ,

y KA (1[ 204)

Electro-chemical current measure in terms of weight w, of

substance having electro-chemical equivalent q, acted upon in

time t,

w

For copper,

„ S050 w
C =—^ amperes.

^^ ^OG (2))

Gurrenl G, of heat or of electricity in terms of quantity

Q, in time t,

G== — (by definition).



USEFUL FORMULA. 1185

Specific conductivity g, in terms of current C, length of

conductor L, area of its cross-section A, and difference of

potential or temperature, E or T,

_GL _CL
^~A1'~AE' (11241)

(n) Electrical Resistance.

Resistance E, of conductor, in which a current in amperes,

generates heat enough in the time T, to raise a weight w of

water, and a calorimeter of thermal capacity c, from ti° to ^2°!

p__ 4.17. (w-fc) jf.— ti)

C'^ (1[213)

Specific resistance S, of conductor of length L, cross-sec"

tion A, and resistance B,

^ — ^7- (f219)

Wiieatstone's Bridge (see Fig. 18, page 732),

AB: BG::AD: DG. (§ HI)

Resistance (R) in multiple arc of conductors having resist-

ances ^1 i?3, &c.,

i=i+i + '^"
(§140)

Thomson's Method. Battery resistance B, galvanometer

resistance G ; if external resistance R gives same deflection

as r gives with battery shunt of resistance S,

^ — ^ fIfG (Appendix VI., 113^)
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Ohm's Method. Battery resistance B, electromotive force

E, deflection a; with added resistance R^, deflection a^,

Tj -/?2 '<^'' '^2

tan Oi — tan a^ H 225)

EI R2 tan «! tan a^

Ian «!— tan a^ (IT 230)

Beetz' Method. Resistance of stronger battery B, electro-

motive force E', external resistance /i' and rj, correspond-

ing resistances of shunt r^ and r^,

„ _ri rj— i\' r^^
^TTT^- (H 228)

E' _5 + ri+ri'_^-(-rv+'-2'
-W V^

^

1^^ (If 228)

(o) Electromotive Force.

Electro-chemical equivalent q, heat of combustion //, elec-

tromotive force E, and mechanical equivalent J,

E=Jqh. (§145)

Electrical power (P) in terms of electromotive force E,

and current O,

F= CE= C^R; (1[230; §§ 136, 137)

whence C= P -^ E, a,nd E= P -h O.

Electromotive force in terms of the current G and resist-

ance R,

E=CR; (§139)

"Whence Ohm's Law,

p E
~W (§138)
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Wiedemann's Method. Electromotive forces E aud e in

conjunction and opposition, corresponding deflections A itiid a,

E tan A -\- tan a

e tan A — tan a (f 231)

Electromotive forces E &ndi e produce equal currents with

given external resistances ; also with the resistances R and r

added to respective circuits; then

: E::r : R. (^ 233)e

Differences of Potential e-i and e^, corresponding to dis-

tances c?i and (/j on uniform straight wire carrying a current,

ei . 62 •• • di • d^- (irH 235, 236)

( p) Electrostatics.

Capacity c of sphere of radius r,

c = r. (Appendix XL (a;) (1))

Capacity of condenser with insulating layers of area A,

thickness t, and specific inductive capacity s,

c =—
4^( ' (Appendix XT. (x) (2))

Charge q, in condenser of capacity c, due to electromotive

force e (by definition),

q =ce.

Electromotive force e in electrostatic measure causing two

pith-balls of diameter d, weight wg, suspended by cords of

length /, to diverge through distance s,

V2tegs^

~tp" (Appendix XI. (t>))
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Electromotive force e in electrostatic measure causing a

plate of area a to be attracted or repelled by a large plate at

a distance d, with a force, wg,

e — d\. I^][y^
V ~li

— (Appendix XI. (w))

(q) Average.

o a a."

a;" w-t-l' (Appendix IX. (i))

(r) Probable Error.

P z=. probable error of single observations,

p = probable error of mean of n observations,

d} = mean square of the differences,

(Appendix X. (i))

P= 0. 67449 rfV 1 -=- (?i — 1) = f Vn!

Probable error (p) of a result, in terms of variations c?i

rfj, &c., introduced by changing the separate data by an

amount equal to probable error of each,

p = V di^ + rf/+ &c. (Appendix X. (o))

(s) Weight of Results.

Weights = Wi W2 w^, &c. (Appendix X. (s))

probable errors = pi, p^, Ps> &c.

then Wi ; w^ : w^, &c., .•; (— ) : ( — ) : (— ) &c.
VjOi/ Xp^/ \ps/

Most prohab'e result R, in terms of several results, r^ r^ r^.

Sac, vpith weights w^ w^ w^, &c.,

'^i + '"2+ '"a + &c.
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(t) Oimeusions.

Note. The dimensions of a quantity may be defined ad

1 mathematical expression for the number of times that mul-

liples of the ihree fundamental units of length (L) mass

(
M) and time ( 7') must be employed as factors to exprers

the quantity in question. The dimensions are usually rep-

resented by ordinary " exponents." ^

Dimensions are useful in reducing results from one system

to another. Let L be the value in centimetres of the unit of

length in any system, M ihe value in grams of the unit of

mass, T the value in seconds of the unit of time ; then the

dimensions of a given quantity, let us say Z* M^ Z'% give at

once the factoiv for reducing that quantity from the given

sy.3tem to G. G. S. units.

Dimensions obey the following lavirs :
—

(1) Only quantities of a given kind can be sdded or sub-

tracted, anil the sum has the same dimensions as the separate

quantities.

(2) Tlie dimensions of the product or quotient of two

quantities are equal to the product or quotient of their sepa-

rate dimensions treated as algebraic quantities. It is through

this law that dimensions are calculated.

(3) The two sides of an equation must always have the

same dimensions ; for quantities differing no matter how

slightly in dimensions are, like surfaces and volumes, essen-

tially different in kind, and hence cannot be numerically or

quantitatively compared. This equality of dimensions, be-

ing a condition which every rational formula must satisfy,

furnishes a useful test of the accuracy of mathematical work.

Angles^ strains, specific gravity, temperature, and all rela-

1 For proofs and illustrations, see Kohlrausch, Physical Measure-

ment, Appendix A.
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live magnitudes, Laving no dependence upon the fundamental

units, are of diiueusious 0.

The dimensions of other quantities are expressed as follows :

Length L
Surface • Z.^

Volume L^

Tiuie T
Velocity L^ Toy LT'^

Acceleration (A -=- T) -H 7'or L?'-^

Mass M
Density L-" 31

Force LMT-'
Work (or kiuetic energy) \ rL^MT~^
Couple V *

. j Z^ MT- 2

Directive Force ) (l^MT-^
Power UMT-'
Moment of inertia !?M
Stress, or pressure ) {L~^MT~'''

Modulus of elasticity I Xl-'^MT''^

Electrostatic or magivetic unit I^M^T'"^

Electrostatic potential JjiM^T'^
Electrostatic capacity L

Magnetic moment iAm\t-'^

Magnetic field L-^M^T'^

Electrical current (magnetic measure) . . . L^M'^T~^

Electro-magnetic unit of quantity Za Mi

Electromotive force L^M^ T—'

Electro-magnetic capacity L~^ T^

Resistance L'f-'

*
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ABBREVIATIONS.

app., apparatus.

B. W . Cr'., Birminghaui wire gauge,

C. G. S., ceutiiiietre-gvaiD-secoud sys-

tem .

cm., centimetre [s].

coef,, coefficient [of].

cunst., constant.

cu., cubic.

det., determination [of].

e. m.J'.f electromotive force.

eq , equivalent.

ex., exercise.

exp., experiment.

g., gram [s] ; also acceleration of

gravity.

rjf., gravity; also grain.

h., hour [s].

B. U., Harvard University.

kilo., kilogram [s].

kitom.j kilometre [s].

m., metre [s]; also minute [sj.

meas., measurement [of].

min., minute [s].

mm., millimetre [s].

obd., observed.

obs., observation [s].

s. or sec, second [s].

sp., specific.

sp. gr., specific gravity.

5^. ht., specific heat.

sq., square.

temp., temperature.

vol., volume.

wt,, weight.
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Abbreviations, 1192; of arithmeti-

cal processes, 662-663.

Absolute electvometer, 582-583,

1171.

Absolute expansion, 94-100.

Absolute measui-ements, 511, 531.

Absolute standards necessary, 633.

Absolute system, 440, 592, 603, 606-

607,705.
"

Absolute temperature, 122, 124, 128,

680-681, 683.

Absolute zero (—273° C), 125,

127, 679.

Absorption, electrical, 562; o( en-

ei'gy during change of state, 686-

687; of gases by liquids (solubil-

ity), 861-863; of heat, 887; of light

(color), 551.

Acceleration, 336, 607, 999, 1132;

and force, 705; components, etc.,

704; of gravity, 328-330, 5".6, 897.

1134.

Accidental errors, 392, 615, 653.

Accidents, danger of, 140, 205,

368, 463.

Accuracy and precision, 594; ap-

parent and real, 594; overestima-

ted, 664 ; standard of, 665.

Acids, danger from, 205, 463.

Acoustics and Optics (Sound and

Light), 691 et seq.

Actinic rays, 694.

Action and reaction, 400, 706.

Action, chemical (Zn and HNO3),

203-210; assisted by electric cur-
rents, 206.

Addenda, 739-745.
Adjustment, errors of, 621 ; of bal-

ance, 33.

Advanced physics, list of experi-
ments in, 1079; students, exps. for,

537 et seq.

.ffither, see ether [692 et seq.'].

Air, 7, 13, 16 ; and ether, 692 ; buoy-
ancy of, 13-14, 671, 874-875, 956 et

seq.
; effect on balancing columns,

60; effect on brass weights, 071;
effect on densimeter, 61 ; bubbles of,

9, 14, 20, 50, 95, 97, 101, 110;
bubbles of distinguished from
steam, 138; composition of, 861;
currents of, 28, 144, 420; density

of (.0012), 67, 676, 784, 900; dry-
ing, 570; manometer, 132, 913;

mean molecular weight (28.86),

900; pressure of the, 613, 675;

-pump, 54, 912 ; resistance slight,

328; solubility, 97, 861; -spates,

insulation of, 145; sp. ht. of at

const, pressure (.2-38), and at conft.

vol. (.169), 188-189, 861, 900; tem-

perature of, 83 ; -thermometer, 119,

913; velocity of sound in, 279 et

seq., 869, 1162; vibration of in

tubes, 695. See atmosphere.

Alcohol, per cent, and deosity, 878-

879.

Allowance for errors, 663.
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AUoy, sp. ht. det., 390.

Almanac, nautical, 543, 895.

Alternating currents, 559, 563.

Altitudes, barometric estimation of,

871; equal, method of, 546; of sun,

543.

i^ malgamation by mercury, 437,

463, 465.

Amber, 585.

Ambiguous terms, 739-745.

American concert pitch, 792, 893.

Ammeter, 466, 536, 922, 1020.

Ampere, the, 440, 458-460, 461, 470,

581, 611, 729, 730, 731.

Ampere's formula, 728; theory,

718.

Amplitude of oscillation or vibra-

tion, 289, 323, 327, 331.

Analogy between heat, temperature,

and pressure, 685; between poten-

tial, head, and pressure, 719, 729,

730.

Analysis, logical, 024.

Analytical balances, 5G8-570.

Analytical method, 171.

Analyzer, 549.

Aneroid barometer, 19, 115.

Angle, circular unit of, 337; func-

tions of, 764; measurements of,

253-262, 267-269, 281; minimum
visible, 251; of deflection, 407,408,

440; of diffraction, 267; of dip,

424, 430; of dispersion, 263; of

friction, 374; of incidence, 699; of

minimum deviation, 260-267, 547
;

of prism, 255-257, 547; of refrac-

tion, 257-264, 699; ratio involved

in, 604; small, equal to sine, tan-

gent, etc., 636 ; small, cosine and

secant unity, 253.

Angular velocity, 709, 1136.

Annealing (temper), 105.

Anticipation of results, 286, 620.

Apparatus, 909 et aeq. ; cabinet for,

905; cost of, 909, 927, H seq. ; re-

duplication of, 927, 928, 931, 934-

935.

Apparent and real changes of vol-

ume, 539 et seq.

Apparent noon, 543.

Apparent specific gravity, 672-673.

Apparent specific volume, 744, 784,

875, 876.

Apparent weight, 671, 672-673,

874-875, 954-961.

Application, point or line of, 356,

710.

Approximation, method of, 3, 477,

570, 626; rules foj-, 662; succes-

sive, 629.

Aqueous vapor, 866-869, 874.

Arbitrary scales, 588, 791, 892-894.

Arc, defined, 764; multiple, 451, 467,

731 ; of oscillation or vibration lim-

ited, 323, 327, 331, 412, 413,710;

of small angles equal to sine, tan-

gent, etc., 663; table of, tOO-

801.

Arch, hydrostatic, 45, 912.

Archimedes, principle of, 54,

070.

Archives, French, 332, 605.

Area, magnetic, 452, 726-727 ; of

circles, 799, 810-811; unit of, 607.

Argument, defined, 664, 748 ; com-

plementary and independeni, 754.

Arithmetic mean, 411, 663, 1127;

probability of, 659, 1121, ll:i8.

Arithmetic work, 661 et seq., 946.

Arm, of balance, 36; of couples (•!•

levers, 356, 403, 609, 711; situa-

tion indifferent, 356.

Armature, see telegraph instru-

ment.

Arrangement of cells or batteries,

443, 735; of tables, 746-760.

Arresting oscillations, 314, 421.

Artificial horizon, 545, 917.

Assumptions, errors in, 624.

Astatic galvanometer, 418-420, 1058.

Astatic needle or magnet, 418, 431,

433.

Astronomical tables, 894-896.

Atmosphere, buoyancy of, 7, 13-14,

671, 874-875, 956 et seq. ; density

of, 17; pressure of, 17, 143; pres-

sure, standards of, 384, 613. 899,

900; refraction of (1' cotan. A),

544; temperature and humidity of,

23. See air.

Atomic weights, 84.3-845 ; inversely

as sp. hts., 686.
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Attraction, between unit masses

(6.0 X 10-8), 900; capillary, .371

;

elecu-ic, 719-720; tuagtietit, 398,

722-723.

Authority, sources of, 794-796.

Average, defined, 1098; velocity,

706.

Averages, accuracy of, 326 ; meth-

od of, 653; of variable quantities,

1097 et seq. ; probable error of,

659, 1121, 1128.

Avoirdupois, 898.

Axes, of earth inductor, liow placed,

428-430; parallel, moment of in-

ertia about, 1143; of pendulum,

lUO.

Backlash, 572, 575.

Balance, 911; adjustments of, 33;

analytical, 568-570; apothecaries'

(a); 28, 911 ; arms of, 33-38; beam
of, 33, 34; centre of gravity of,' 33-

35; delicacy of, 31-35; examples

of use of, 954 et'seq. ; iiat-pan (6),

910; for magnetic forces, 398; fur

surface tension, 369 ; grocers' ((/),

3, 910; hydrostatic, 43-48, 956 tt

sej., 1039; letter spring, 534; ma-

nipulation of, 27; platform, 384,

910; sen-itiveness of, 31-35 ; spring,

337 etseq., 360, 373, 379, 383, 919;

theory of, 3-3-38; torsion, 358, 920;

weighing with, 42.

Balancing columns, 63, 94, 98,

962.

Ballistic galv;mometer, 517, 1014;

pendulum, 311, 707-708, 1052.

Balls, billiard. 312, 919; glass, 42,

912; pith, 566; steel bicycle-bear-

ing, 14-16, 911.

Bands, cloth, 554, 918; spectrum,

262-264.

Bar, moment of inertia of, 1145-

1146.

Bar-magnet, compound, -395 ; long,

411-422.

Farodeik, 26, 676, 911, 953.

Barometer, 17 et seq., 953; aneroid,

19, 910; corrections for, 19-23,

781-783; depression of due to ad-

mission of volatild liquids, 136;

Fortin's, 18, 19; mercurial, 17,

952; pressure of, 17 et seq., 899;

reductions of, 78U-782 ; tables for,

867, 870, 874; tube of, 17 et seq.,

912.

Batteries, 469, 890, 922, 923, 1019

ttstq.; an-angtjnient of, 735; con-

stant required, 495; constvuctimi

of, 463 et seq.; currents from, 462,

468 et seq., 1019 et seq.; electromo-

tive force of, 507, 516, 525, 874-

875, 890, 1028 et seq.; materials

for, 922; pules of, 890; resistance

of, 1061; by Mance's method, 490,

1026; by "Ohm's metliod, 498,

1028; not understood, 493; by
Thomson's method, 1062; small

resistance required, 515; thermo-

electric, 521.

Baume's hydrometer, 892.

Beaker, 912 ; used as lining of cal-

orimeter, 2O9, 915.

Beam, of balance, 33, 34; stiSness

of, 350-354, 712, 1003, 1157-1160;

of light, 694; of steel, 919.

Beats, 291, 292, 2.J.3, 578, 995; be-

tween octaves, 293 ; disappearance

of by loading, 293; method and

theory of, 291 et seq.

Beetz' method, 501 el seq., 1029.

Bell telephone, 559, 563, 564.

Bench, optical (Melloni's), 230,916;

working, 904.

Bending beams, 350-354, 712, 1003,

1157-1160; fracture by, 354, 1003;

laws of, 712; of light, 894, 698.

Bends, sudden, avoided, 366, 368

Bent rnler, 12. See graphical

method.

Biaxial crvstals, 852-85-5.

Billiard balls, 312, 1053.

Binding posts and screws, 436.

Blot's physics, 590.

Blinds, 904.

Block, densitv of, 1 ; hollow, 2, 911;

small, 398, 445, 911,921; tackle,

379; with socket, 355; wooden to

mount app., 911.

Blue print', 396.

Bluntness of points, 86.
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Board, 348, 373; and plank, 920;

indicator, 929; loaded, 348, 919.

Bobbin, Hall's, SBT; brass, 420,

920.

Bodies, falling, 313; apparatus,

919; properties of, 843-8ti3.

Boiler for steam, 90, 115, 203, 520,

914; for vapors, 134, 914.

Boiling, 687; and evaporation, 138;

by cooling, 139.

Boiling-points, 140, 843-860, 975;

of solutions, 786; of water, 867.

See temperature or point of con-

densation, vaporization, etc.

Bonds, electro-chemical, 734.

Books of reference, 794-795.

Borda's method of weighing, 650;

pendulum, 319.

Bore, 113, 120, 371. See calibre,

calibration.

Bornstein, Laudolt and, 795.

Bottle, Mariotte's, 556; for ice-wa-

ter, 179, 915; for sp. gr., 49-58,

101, 912, 968 et seq.

Box of coils or resistances, 476, 557,

923. See rheostat.

Box photometer, 226-227.

Bow, violin, 289, 300, 918.

Bowing a tuning fork, 289.

Boyle and Mariotte, law of, 20, 132,

134, 135, 682.

Bracket, 313, 316.

Brake, friction, 387.

Brass, air displaced by, 671 ; bobbin,

420 ; coef. expansion (.000019),

896, 900; sp. ht. (.094), 846, 900;

weights used as standards of mass,

332, 874-87-5.

Break in circuit, errors due to,

648.

Break in wire, position noted, 368.

Break-circuit, 324, 335, 576.

Breaking strength, 366, 367 et seq.,

774, 843-847, 1005.

Bridge, B. A., 480-493, 558, 559,

732, 923, 1024 et seq.; musical, 274;

Wheatston. 's, 480 et seq., 732
;

-wire, 481, 525-526.

Britisb Association Bridge (see

Bridge); units, 612, 900.

British measures, etc., 898-900.

Brush, camel' s-hair, 9, 14, 44, 4G4,

911.

Bubbles, in biiilnig, 95, 138 et seq.

;

of air, U, 14, 20, bO, 95, 97, 101, 1111

,

of air and steam, 138; of gas in

battery, 465.

.

Building material, 777, 846-847.

Bulbs affected by pressure and

temp., 538, 640.

BuUet, crushed, 388; ounce, 288, 313.

Bunsen and Kirchoff, scale, 892;

battery, 469, 890, 922; burner, 115

and elsewhere, 914; cell (1.9 volts),

436,455,469, 472, 520, 529, 631-

532, 890; ice calorimeter, 192;

photometer, 222-224, 916.

Buoyancy, atmospheric, 7, 13-14,

16, 671, 956 et seq. (see air); of

fluids, 43 et seq., 670, 671, 103G-

1037; of water at different temper-

atures, 12.

Cabinet for apparatus, 905.

Calculations 941; and observations

to be separated, 624, 946; examjiles

of from note-books, 949, 950, 951

,

et seq. ; rough methods of, 662,

666 ; to be preserved, 946.

Calculus, use of avoided, 1097, 1127.

Calibration, by mercury, 371, 641,

1006-1007; method of, 629, 631;

of ammeter, 466, 1020; of tangent

galvanometer. 441; of thermome-

ters, 113, 119, 969-970; of volt-

meter, 524.

Calibre, variations in, 371.

Calipers, 71-82. See gauge.

Calorie (1000 g°), 898.

Calorific raj-s, 694.

Calorimeter, 144, 387, 471-472,

541, 915; chemical, 206; ice,

Black's, 191 ; Bunsen's, 192 ; mer-

curial, Favre and Silbermann'<,

191 ; thermal capacity of, 149-150,

157 et seq., 689.

Calorimetry, 144-212, 976 etsiq.,

1021; apparatus for, 915; liciit de-

veloped or absorbeil in. (180; pe-

culiar devices in, 186; uriuciple of,

688.
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Camel' s-hair, brash of, 9, 14, 4-1,

404, 911.

Candle-power, 216-222; standard,

221, 916.

Cane-sugar, rotary polarization of,

550.

Capacity, electrical, 559-563, 1172.

Capacity of bulb affected bj- pres-

sure and temp., 538, 540; of tube,

119, 371, -377; of vesssels, 49.

Capacity, specific inductive, 563,

1173.

Capacity, thermal, 146, 157, 159,685,

976 et seq.

Capillarity, attraction due to, 371;

depression due to, 20, 782; effect

of, on balancing columns, 96 ; on

hydrostatic balance, 44; on Nich-

olson's hydrometer, 9 ; law of, 372;

(if a small tube, 371, 377, 556,

641, 020, 1007, 1149; tables for,

872.

C.irbon (positive pole) of battery,

438, 529, 890.

Cards, reports made on, 944.

Cast iron, 847.

Cathetometer, 322, 364, 672-573.

Cells, arrangement of, 735-736; con-

si ruction of, 463 ; electromotive

force of, 890; resistance of, 443,

490; voltaic, 436, 569, 890. See

resistance, e. m. f., etc.

Celsius. See Centigrade.

Centigrade thermometer, 589, 600,

892.

Centimetre, 605.

Centimetre-gram-second (C. G.

S.) system, 606.

Centre of gi-avity, 348-350, 710,

1.002, 1102-1107; of balance beam,

35; of magnetic forces, 710; of pen-

dulum, 555; of suspension and

oscillation, 1137.

C G. S. system, 606.

Chain and rod, 642.

Chances of error, 773-774, 1109.

Change of state, 775; of velocity,

312, 336, 1131.
.

Changes of condition desirable, 594.

Characteristics, negative, 667; of

logarithms, 769; of matter', 739.

Charge, of condensers, 560-561 ; re-

sidual, 562.

Charles, law of, 24, 683.

Chauvenet's probabilities, 794.

Check niethodji, 594, 651.

Chemical acticm, Zn and HNO3,
205-210 ; aided by electric cur-

rents, 206; avoided" 163, 184.

Chemical bonds, combining propor-

tions and electro-chemical equiva-

lents, 556, 734.

Chemical materials, 848-851.

Chimney, 905
;
perforated, 236.

Chlorine, heat of combustion in,

888.

Chords, defined, 765; table, 800-

801 ; throws measured by. 422,

Chromatic (tempered) scale, 893.

Chronological order followed,, 946.

Chronograph, 309, 577, 618; mer-

curial, 284^285.

Chronometer, 546, 575.

Ciphers, etc., understood, 753; use

of, 660.

Circle, graduated or optical, 257-

261 ; tables relating to, 764, 799

Circuit, errors arising from break

in, 648.

Circuit-breaker, 324, 335. 575.

Circuits, divided, 451, 467, 731.

Circular measure of angles, 765.

Circumferences, of driving-wheel,

382; tables of, 799, 808-809.

Circumstances to be noted, 623.

Clamping, errors from, 75.

Clamps, 436, 532, 1061.

Clark, cell or battery, 581, 923;

potentiometer, 516, 529, 1033.

Classification, a ?tage in scientific

progress, 692 ; of errors, 615.

Cleaning mercury, 17; pluzs, 494;

walls and floor, 903.

Clock or regulator, 318, 324, 910.

Clock-spring, 288, 301, 394.

Closets, 908.

Cloth, band of, 5S4, 918; diffrattion

of, 264.

Coal-gas, 69.

Cochords, 766.

Oocoon-flbre, 412, 418, 461, 579.

Coefficients of absorption, 861-
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863 ; of elasticity, 843-863, 1150-

1160; of expansion, 92, 94, 100-

103, 126, 684, 843-861, 967; of fric-

tion between solids, 373-378, 887,

1007, 1008; of hydraulic friction,

375, 887; of probability, 1110,

1118; of resilience, 538, 1151; of

torsion, 357-360, 402, 1140, 1150,

1156; of viscosity, 556, 1149.

Cohesion, 687; apparatus, 919.

Coils, box of (rheostat), 476; con-

stants of, 452 ; tlectro-magnetic ef-

fects of, 438; resistances of, 471,

511; rotating, 424-430; Rnhmkorff,

518; sliding (induction), 416, 420;

spiral tube or worm, 187.

Coincidences, 614 ; methods of,

320, 324, 327, 644-645; on vernier,

636; reduction of results fnmi, 326.

Cold produced bj' evaporation, 23,

169, 637.

Collimator, 258.

GoUision (impact), 311, 312, 1053.

Color, 551; -blindne.«s, 228-229;

focussing by, 234 ; of ink varied in

making corrections, 946, 947 ;
pho-

tometry of, 228-229. See spectrum.

Columns, balancing, 63, 94, 98, 962;

barometric, 17 et seq. ; of mercurv

in thermometer, 110.

Combination, heat of, 198, 205, 690,

888, 984; of errors, 615-616, 1111;

of standards in a set, 629.

Combining proportions and electro-

chemical equivalents, 734.

Combustion, heat of, 210, 690, 888.

Commuta,tor, 435, 457, 558, 922.

Comparator, 671.

Comparison, a stage in scientific

progress, 592, 603; of condensers,

562; of electromotive forces, 514;

of galvanometers, 448, 459 ; of re-

sistances, 474.

Compass-needle, 397, 405, 431,

433, 438, 921.

Complement defined, 766.

Complementary arguments, 754.

Components and resultants, 703;

of earth's magnetism, 403 ; of

forces, motions, etc., 337; of ob-

lique forces, 344, 1001-1002; of

parallel forces, 337, 1000; of vibra-

tions in polarized light, 548.

Compound magnet, 394.

Compressibility of liquids, 537.

Compression, heat developed by,

1163.

Concave and convex mirrors, 240.

Concert pitch, 893.

Concordance of results deceptive,

594.

Condensation, and rarefaction,

292, 1160; heat developed by, 687;

• latent heat of, 202, 687, 856-8u3;

of tables, 746-748.

Condensers, electrical, 517, 559;

capacity of, 559-562, 1172; charge

received by, 560; conijiariscn of,

562 ; residual charge of, 562.

Conditions to be varied, 594.

Conductivity, electrical, 776, 786,

843-847, 889 ; of solutions, 786-787.

Conductivity, thermal, 541, 591,

688. 776, 843-863 ; of air-spaces

small, 145 ; of sides of calorimeter,

141.

Conductors, and non-conductors,

586; compound, 484 (see mu'tiple

arc) ; resistMnces of, 891

.

Confirmation of results by check-

methods, 652.

"

Conical (rotarj') pendulum, 1133.

Conjugate focal lengths (foci), 236-

239.

Connecting wires, 434, 471, 501.

Connections, electrical, 436, 437,

in multiple arc and in series, 443,

451, 467, Y31; interchange of, 518,

531 ; made by pendulum, 321, 325,

335, 366.

Consecutive observations, 317, 667.

Conservation of energy and work,

693, 694, 714-718, 716-717, 738.

Constant battery required, 495.

Constant errors, 615.

Constant, of coil, 726, 1015; of

dynamoYneter, 452, 1016; of galva-

nometer, 437 et seq., 444, 1015.

Constant temperature during

change of state, 687.

Construction, of astatic galva-

nometer, 418-420 ; of Daniell cell.
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463-464 ; of electro-dynamometer",

451 i of tangent gaivanometets,

437, 448.

Contact, differences of potential

due to, 790, 889.

Contact, electrical, 351, 618.

Convection of heat, 688.

Conventional units desirable, 595,

677.

Converging lenses, 230, 2-36, 242,

618.

Conversion of work into heat, 393.

Convex and concave mirrors, 239-

242.

Cooling, boiling produced by, 139;

by evaporation, 23, 169 ; correc-

tions for, 173, 473; heat lost by,

150, 165, 177, 287 ; law of (New-

ton's), 687; method of, 144; rate

of, 146, 976-977.

Co-ordinate paper, see graphical

method.

Copper, deposited by current, 458,

466, 1018-1019 ; electro-chemical eq.

of (.000328 g. per ampfere-sec), 458

et seq., 843; pole of battery posi-

tive, 436, 529; spiral, 459; sulphate

of, 457, 851.

Cords, sagging of, 345.

Cork, det. of density of, 1039.

Corrections and errors, 62, 117,

744-745; discovery of, 624, 651,

943; for buoj'ancy of air, 13-14,

671-674 ; for cooling, 473 ; for refrac-

tion (1' contan. A), 544; of amme-

ters, 468 ; of app 'rent wt. and sp.

gr., 672; of barometric readings,

557; of spring balances, 339, 340;

of volt-meter, 525 ; of weights, 38

;

not to be carried too far, 654.

Cosecant defined, 766.

Cosine defined, 765 ; of small an-

gles, unity, 663; tables, 800-801,

814-815.

Cost, (see expense), 926.

Cotangent defined, 766; tables,

818.

Coulomb's law, T20.

Counter of revolutions, 535, 923.

Counterpoise, use of in weighing,

650.

Counting oscillations, etc., 291, 318,

619.

Counting, proper method of, 286,

294.

Couples, 342, 354-357, 452-455,

609, 710-711; arms of, 356, 403,

609, 711; effect of, 354-380, 711;

magnetic, 402, 727, 1141; nia'^ni-

tude of, 356, 403, 711.

Couplings, 436.

Coversines defined, 766; tabic, 801.

Critical pressure, 778 ; temperature,

775; tables, 856-863.

Cross-connections, errors due to,

648; prevented, 648.

Cross-hairs of telescope, 233, 572.

Cross-section of cylinders, wires,

etc., 361, 368, 372, 377.

Crushing strength, 774-775.

Crystals, properties of, 852-855.

Cubes defined, 763; tables, 795,

806-807.

Cubical expansion, 540, 684.

Cups, nickel plated, 24, 912
;
porous,

436.

Current of electricity, 431 et seq.,

611, 724-725; absolute meas,, 447,.

611, 725 ; action on magnetic nee-

dle, 440,724; affects e.m.f., 3, 516;

alternating, 559; assists chemical

action, 206; copper deposited by,

45% direction of, 724 et seq. ; di-

vision of, 451, 467, 731; heating by,

471, 729; induced in wires, 428;

lines of force due to, 439 ; magnetic

meas. of, 725, 728; neutralization

of, 502, 532; relative strength of,

461-466; reversal of, 435; strength

of. 431 ; strong avoided, 432; unit

of, 611; voltaic, 468-470.

Currents of air, 420; of liquid,

378.

Curvature, 86, 88; radius of, 547.

Curves, interpolation by, 665; in-

terpretation of, 666; Lissajous',

295; maKnetio, 395, 396,413, 421,

720; of probabilit.y, 1113-1116;

plotting, 470, 627, 665.

Cutting lines of magnetic force,

415-416, 424-425.

Cycle, Lissajous', 298, 301.



1200 INDEX.

Cylinder, cross section of, 381, 372,

377; moment of inertia of, 1147-

1148.

Dalton's law, 135.

Danger, from fire, 140; from nitric

acid, 206, from recoil of spring

balance, 368; from sulphuric acid,

433.

Daniell cell or battery (e. m. f. 1.0

to 1.2), 436, 457, 463-464, 469, 498,

520, 521, 529, 531, 532, 735, 890,

900, 922.

Dark glasses, 247.

Dark room unnecessary, 227, 905.

Data, see tables, 843-900.

Dates in different vears compared,

792, 894.

Day, mean solar, 606, 898; sidereal,

898.

Deception in concordance of results,

595 et seq.; in reduction of consec-

utive obs., 667.

Deoi (iV), 603.

Decimal places, early custom, 590,

in metric system, 603. See signifi-

cant figures.

Decimal points understood, 753.

Declination of stars, 896 ; of sun,

543, 89S.

Decomposition, 733. See , elec-

trolysis.

Definitions,, general, 602; of am-
biguous terms, 739-745; of proba-

ble error, etc., 658, 1109 et seq.

Deflection, angle of, 407, 408, 440,

459 ; magnetic, 405-408 ; of beams
or rods, 350-354, 712, 1003, 1157-

1160; permanent, 351 ; of suspended
weight, 346, 347.

Degree, centigrade, 080; estima-

tion of tenths of, 114; of exhaus-
tion, 68, 963.

Delicacy, 419, 431, 432, 638. See
sensitiveness.

Demonstration, discovery of errors

by, 624 ; of mathematical formula;,

1130 et seq.

Densimeters, 59, 912, 961.

Density, and specific gravity, 674.;

and pressure of gases, 682; and
specific volume, 57; atmospheric,

17-68, 874; defined, 2,, 607, 674,

742-743; determined, 1, 14, 951 et

seq., 1036 ; difference of, 675 ; of a

block, 1 et stq., 949-951, 1036; of

air (.0012), 17-68, 874, 963; of

alcohol, 46, 59; of brass (8.4), 368,

900; of elementarj' substances, 843-

845; of gases, 69, 783, 861-863,963;

of glass (2.5 -t-), 161, 853 ; of glyce-

rine (1.26), 877; of hydrogen at 76

cm. (.00008957), and at 1 mega-
dyne (.00008837), 900; of iron

(7.8), 847; of liquids, 2, 47-48, 58,

63, 856-877; of mercurv (13.6),

161, 371, 877, 900; of solids, 846-

855; of solutions, 878-881; of steel

(7.9), 368, 847; of steam (aqueous
vapor), 866, 874; of substances,

84-3-881; of water, 2, 3, 590, 877;
of water at 4° (maximum, 1.00001),

900; reductions to 0° and 76 cm.,

68-3, 783, 873-874; relative, 12;

standards of, 61, 877, 900.-

Deposition of copper, 458, 466.

Depression, capillary, 20, 782.

Depth of groove meas., 445.

Despretz, conductivity ofheatdet.
591.

Detectors, 648.

Determination, a stage in scien-

tific progress, 592, 597, 603.

Determinations, see Exps., 1-100.

Deviation, angle of minimum, 547.

Devices, electrical, grnphical, me-
chanical, optical, etc., 618-619; in

calorimetry, 186.

Dew-point, 24, 25, 778-789, 867,

868, 953.

Diameter and volume of sphere,

72, 799, 812-813; det. by spherom-
eter, 88-89.

Diatonic (musical) scale, 277, 893.

Dictation, 941.

Difference, method of, 280, 283,

345, 361, 366, 622; of densit.v, 675;
of potential, 489, 512, 518, 583,

889; of time, 546, 897.

Differences,, mathematical, 758-

760; small, det. of avoided, 639.
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Differential galvanometer, 419,

479. «2:j.

Differential iiistriiments, fi29.

'

Differential telephone, 564.

Differential thermometer, 214, 916.

Diffraction, 264-270, 697-698, 917,

991-992.

Diffusion of salts, 787, 885.

Dimensions, 1189-1190; of earth,

900.

Dip, magnetic (in U. S. 70°-80°),

422-430^ 722, 1014; of sea horiison

(If 4/m), 544.

Dipping-needle, 423, 921.

Direct and indirect processes, 633,

638.

Direction, of acceleration and force

the same, 705 ; of electric currents,

724 et seq.; of induced currents,

416, 417; of lines of magnetic

force, 721.

Directive force, 1136, 1140, 1157.

Disagreement of scientific results,

595.

Disc, moment of inertia of, 1146.

Discharge, intermittent, 561.

Discordance of scientific results,

595.

Discordances to be brought out,

594.

Discovery of errors by logical anal-

ysis, 624.

Discrepancy of scientific results,

595.

Dislocation on vernier, 637.

Dispersion, 777.

Displacement of centre of gravitj',

349; of fl'iids by solids, 53-58, 671;

of suspended weights, 346, 347.

Dissimilars, attraction of, 719, 722.

Distance, between poles of magnet,

394; long, measured, 281; trav-

erser! by fulling body, 315 ; related,

to length of pendulum, 320.

Distortion of gauges, 73.

Distribution of errors, 1110; of

magnetism, 411, 414, 1013-1014; of

time, 656, 1124-1126.

Diverging lenses, 243.

Divided circuits, 503.

Dividing engine, 571.

Double key, 509,

DoTible refraction, 547.

Double-ring galvanometer, 448.

Double weighing, 457, 650.

Double winding, 434, 435, 474.

Doublet (lens), 917, 1047.

Draugbt from registers, 903.

,

Drawers, 908-909.

Driving-wheel of motor, 382, 535.

Dropper (drop counter), 136, 915.

Drying air artificially, 570.

Dulong and Petit app. modified, BO,

915, 966-967.

Duplication, see reduplication.

Dust, 902; precautions against, 23.

Dynamics, 308-393; meas. of ve-

locity in, 308-315.

Dynamo-machine, 536.

Dynamo-wires, 903; parallel, 434.

Dynamometer, electro, 451, 727,

922, 1016; transmission, 385.

Dyne, 337, 361, 370, 372. 376, 377,

400, 401, 403, 410, 461, 556, 608.

Dyne-centimetre, 404.

Ear, use of in measurement. 615,

617, 619 ; musical required, 275.

Earth, dimensions of, 900.

Earth-inductor, 424, 921, 1014.

Earth's magnetic poles, 807.

Earth's magnetism, 422, 428, 461,

722, 1142-1143; couple due to. 402,

727 ;
horizontal component of, 403;

lines of force affected by, 397, 414,

462, 465.

Earth's quadrant (10,007 + m)\ 605.

Earth's rotation, constant, 606.

Ebullition (boiling), 1.39, 687.

Echoes, 283, 285, 695, 994.

Effective weights, 671, 874.

Efficiency, 379-385; of electric mo-

tor, 533, 1034; of water motor, 382-

385, 1008, 1009; related to power

and speed, 385.

Efflux, 310, 377.

Elasticity, 1150-1152 ; app. for det.,

919 ; modulus of, 360-367, 711, 1005,

1151; of bending (flpxure trans-

verse), .353, 712, 1157-1160; of

molecules, 692; of torsion (simple
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rigidity), 354, 358, 538-539, 712,

843-883; of volume (resilience),

538-539; 775, 843-863.

Elerotrio absorption, 562 ; attrac-

tions and repulsions, 719-720; ca-

pacity, 559; cli rges, 1169; conduc-

tivity, 843-847, 884; connections,

3211" 325, 436, 437, 618 ; control,

575; currents, 431 etseq., 611, 724-

726; decompositions, 733; devices,

618-619; induction, 736; leakage,

437; measurements, 29, 431 et

seq, ; method of coincidences, 325

;

method of det. sp. ht., 1044; micro-

meter, 350, 919; motor, 533-536,

923, 1034; potential, 488, 730, 1169;

power, 729; quantity, 560, 729;

resistance, 471 ft seq. ; resistance,

app. for det., 922 ; resistance, spe-

cific, 484; spark, 518; standards,

580; telegraph, 284 ; units, 611, 612.

See electricity and electro-.

Electricity, conductors and insu-

lators of, 586 ; developed from am-
ber, 585; flow of, 719; heating by,

729; induction of, 415, 420, 737;

nature of, 718; positive and nega-

tive, 487, 719 ; precautions, 29, 431

;

related to chemical bonds, 734;

statical, 29, 560-567,582-583, 718-

720; thermo-, 215. See el-ctric

and electro-.

Electro-chemical equivalents, 556,

733, 776-777, 843-845; law of, 734;

method of, 456, 1018 ; of Zn and Cu
nearly equal, 466, 843, 845.

Electrodes, 733.

Electro-dynarQometer, 451. 467,

727, 922.

Electrolysis, 733.

Electrolytes, conductivity of, 884

;

resistance of, 559, 891.

Electro-magnets, 394, 412, 415,

420. See telegriiph inst.

Electro-magnetic system, 511 et

seq., 560, 725.

Electro-magnetic theorj' of light,

692.

Electrometers, 514, 517, 582-583,

1171.

Electromotive force, 511 et seq..

729, 889-890, 1172-1173; absokitR

meas. of, 511 et seq., 1034; and
resistance, 729-738; app. for det.,

923; at rest and in action, 516;

calculation of, 734; change in, due
to, current, 493; comiiarison of, 611

et seq.; 565; in equilibrium, 503;
in series, 735-736; methods of

meas., 513, 518, 520, 524-531, 1028

etseq.; of cells, 735; of di.^.similar

substances in contact, 889 ; of

thermo-junction, 520; unit of (volt

= 108 c. G. s.), 612.

Electrostatic methods, 514, 1171-

1173; potential, 1169; system, 514,

561, 565, 566.

Element, voltaic, 438, 443, 463, 490,

569, 735-736, 890. See cells.

Elementary substances, properties

of, 843-845.

Elevations, estimated by barome-

ter, 871; of important places,

897.

Elongation of wires, 363-366.

Emerald green, 552.

Energy, conservation (indestructi-

bility) of, 693, 696, 715, 716-717,

738; electrical, 511 (see power);

kinetic, 716; lost in change of

state, 686-690; lost in stopping,

380; of light and sound, 693; of

motion, 390, 715-716; potential,

381,716; s'ored. 381; transforma-

tions of, 715-717, 738.

Engine, dividing, 571; gap, 903.

Envelope, thermal, use of, 186.

Equal altitudes, method of, 546.

Equal temperament, 893.

Equation, of time, 546, 793, 895;

per-onal, 619.

Equator, 543; gravity at, 608, 837;

plane of the, 543.

Equilibrium, hydrostatic, 63, 94,

98, 669 ; of electromotive forces,

503, 510, 522; of forces, 341, 347;

stable and unstable, 309 ; thermal,

679.

Equivalent, electro-chemical, 466,

556, 733, 776-777 ; law of, 734.

Equivalent focal lengths (foci),

1047.
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Equivalent, mechanical, of heat,

387, 1009-1010.

Equivalent simple pendulum, 555,

1137 et seq.

Erasers prohibited, 947.

Erg, the, 378, 387, 535, 609, 716.

Error [s], accidental, 392, 615, 653;

allowance for, 653 ; and corrections,

62, 744-745; average, 1109; classi-

fication of, 615; combination of,

1111-1113; constant, 615, 1112;

discovery of, 595, 652; distribution

of, 1110; inassumptionp, 624 ; least,

638; of adjustment, 621; of ob-

servation, 614, 616, 1109; of mean
square, 1109; personal, 288, 619;

positive and negative equallj' prob-

able, 1111-1112
;
probable, 658-659,

745, 1109 et seq. — see probable

error; probability of, 773-774, 842,

1103 et seq.; proportional, 1123;

quantitative treatment of, 597 ; re-

sultant, 1111 ; search for, 599 ; slight

in method of coincidences, 326, 327;

zero-, 621.

Estimation of heights by barome-

ter, 871.

Estimation of tenths, 10, 617 ; in

gauges, 636-637; in thermometers,

114 ; in weighing, 39 ; of waves,

290.

Ether, the, 692.

Evaporation, and boiling, 138

;

cooling bj«, 23, 169, 687; errors due

to, 52,101; of tilm, 370.

Everett's units, etc., 795.

Exactness, 594, 603.

Examples, from nole-book, 949-950

;

in least squares, 1126; in probable

error, 1122; of observations and

calculations (exps. 1-100), 949-

950, 951 et seq.

Excentricity, 433, 575.

Exhaustion, degree of, 68, 963.

Expansion, absolute, 94-100, 966-

967; apparatus, 913; apparent and

real, 5-39 et seq.

Expansion-chamber in thermom-

eter, 109.

Expansion-coefficients, 843-863,

969; cubical and linear, 540, 684;

for brass (.000019), 900 ; for build-

ing materials, 846-847 ; for chemical

materials, 848-861; for elementaiy

substances, 843-845; for ga?es

(.00367), 126, 861-863 ; for glass

(.000008), 47, 51; for liquids, 51,

94, 100, 102, 684, 856-860; for

mercury (.00018), 872; for optical

materials, 852-856; for solids, 541,

843-855; for steel or iron (.000012),

900; for wood (.000005), 94.

Expansion, corrections for, 782 ; in

barometer, 21,872; in gauges, 7, 75.

Expansion, cubical, 540 ; examples

of, S66etseq.; linear, 90, 540 ; nega-

tive, 684; of hollow bodies, 51, 540;

of scales, 71 ; wave lengths of sound

affected by, 271.

Expenses, 926 et seq., 937.

Experimental method, 593; abuse

of, 598.

Experiments, illustrative, 932 ; lists

of, 1035, 1066, 1079; on use of

printed forms, 942; results from,

951 el seq. ; two classes of, 944-945.

See table of contents. Parts I. and I[.

Explanation of tables, 761-793.

Extension of tables, 752.

Extraordinary indices of refrac-

tion, 852-855.

Bye, persistence of impressions on,

303 ; use of, 615, 619.

Eye-and-ear method, 324, 619.

Eye-piece, micrometric, 574 ; of

telescope, 233.

Factor, reduction, 446-447, 456-460,

495, 499, 556.

Fahrenheit thermometer, 589, 892.

Fall of potential, 528, 730; of water,

389.

Fallacy, in concordance of results,

595; in reiluction of consecutive

obs., 668.

Falling bodies, 309-311, 313 et seq.,

919,997; laws of, 706-707; mate-

rial of, indiffei'ent, 328.

Farad (10-9 c. g. s.), 560.

Favre and Silbermann's calorime-

ter, 191.
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Pees, labovatory, 927.

Ferro-prussiate paper, 395.

Fibre of untwisted silt, 413, 431,

461, 579.

Field of force, 461, 721, 724, 735,

1141-1142.

Figures, etc., understood, 753;. sig-

niflcaiit, 660-662; to be preserved,

624, 946.

FiUngs, iron, 395, 721.

Film of liquid, 369, 370.

Fire, danger of, 140.

Fitzeau's det. of velocity of light,

552.

Fixed poiuts of. thermometer, 106,

114.

Fixed stars, 896.

Fixing blue-prints, 396.

Flame, sodium, 917.

Flash and report, 284.

Flask, Florence, 139, 913 ; sp. gr., 70.

Flexure, luws of, 353, 713. See

bending.

Floor, distances meas. from, 433.

Florence flask exp., 139.

Flotation, 2, 1036.

Flow of electricity, 719; of heat,

541 ; of water, 376 et seq., 713, 1149-

1150.

Fluids, friction of, 375-.376
;
prop-

' erties of, 843-845, 856-866 ; stream

of, 310. See liquids and gases.

Focal lengths (foci\ 230-244, 700-

702, 987 et seq. ; apparatus for, 916;

conjugate, 236-239, 700; equiva-

lent, l047; of mirrors, 2.39-242;

principal, 230-236, 238, 243, 547,

700; virtual, 239-244, 1047.

Focussing, a telescope, 233; by
color method, 2.34; by parallax,

232; foi- parallel rays, 233-234.

Foot, the (30.4796 cm.), 898.

Foot-pound (about 13,550,000 ergs),

899.

Forbes, G. H., method of testing

spring balances, 340; method of

eliminating yielding of support,

364.

Force [s], 380-386, 608, 742; abso-

lute meas., 334, 387, 608-609, 705,

999 ; and work, 703-717 ; calculation

of, 335; centrifugal and, centripetal,

390,1130; cohesive, 687; compo-

sitioj of, 337 et stj., 704, 1000 et

seq.; directive, 1136; due to fric-

tion, 373 et seq. ; electric,, 720 ; elec-

tro-magnetic, 725; electromotive,

511 e( seq., 729, 889-890; equal and

opposite,. 356; field of, 461, 721,

724, 725, 1141-1142; indicated by

spring balance, 339 ;. in equi-

librium, 347; lines of, 397, 721;

magnetic, 398 ; not necessary to

maintain motion, 705; oblique,

work done by, 714-715;. parallel,

centre of, 710; point of application

of, 710; resolution of, 375,;, system

of, 710; triangle (parallelogram)

of, 703.

Fork for surface tension, 369, 920,

1006. See tuning-fork, 270-307,

918.

Forms, printed, 942.-944

FormulsB, proofs of, 1130 et seq.;

useful, 1174 et seq.

Fortin's barometer, 18, 19.

Foucault's det. of velocity of light,

553.

Four-place tables, 802-821.

Fracture, by bending, 354; by
stretching, 367, 1005 ; bv twisting,

357.

Frame, micrometer, 90, 915.

Franz, Wiedemann and, 591.

Fraunhofer lines, 892.

Freezing mixtures, 112.

Freezing-point (see melting, so-

lidification, etc.), 116,. 856-860; of

thermometer, 116.

French Archives, 332, 605 ; weights

and measiu'es, 898-900.

Frequency of vibration, 694. See
pitch.

Friction, affects accumulatinn of

impulses! 641; affects balance. 30;

affeats densimeter, 61; avoided in

Nicholson's hydrometer, 9; coeffi-

cients of, 373-378, 887, 1007-1008
;

errors due to, 338, 340; hydraulic,

378; in capillary tubes, 376 — see

viscosity; of air governs toothed

wheel, 302; of fluids unaffected by
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pressure, 375; of pulleys, 386, 387;
of solids affected by pressure, 373,

376; relieved by jarring, 431; start-

ing, 374; tables for, 887; transforms
work into heat, 380.

Friotioti-brake, 387.

Function defined. 748-749 ; tables,

797-842.

Fundamental tone, 275.

Ftindameutal units, 607.

Furnace heat, 903.

Fusion, latent heat of, 199; temp,
of, 140, 843-855. See melting, and
liquefaction.

Gallon, imperial (10 lbs. water),

and U. S. (231 cu. in.), 898.

Galvanic cell, 436, 569. See cell.

Galvanometer [s], astatic, 215,

418-420, 429, 525, 534; ballistic,

517, 562, 565, 921, 1014 ; comparison
of, 448-451, 1058; constants of,

437 et seq., 3015 ; construction of,

418-420, 429, 526, 534; differential,

419, 479, 521, 923; double-fing,

448, 922, 1015; mirror (Thom-
son's), 579 ; multiplier, 641 ; needle,

length of, 438 ; reduction factor of,

446-447, 456-460, 495, 499, 556,

1015, 1018; resistance of, 487, 1026;

sensitiveness of, 420, 489, 580;

single-ring, 4-38, 922,1015; shunted,

493; tangent, 437, 448-451; tan-

gent, best deflection of (45°), 639;

tangent, calibration of, 441; vibra-

tion, 460, 922, 1019.

Galvanometry (current measure),

431 etxeq., 1015 et seq. ; apparatus

for, 922.

Gases, densitv of, 69: expansion

coef. of (.00367), 126, 861-863, 900;

interdiffusion of, 869; pressure of,

127, 680; and density, 682; and
temp., 131, 683; and volume, 682-

683; properties of, 861-863; ratio

of two specific heats (1.408), 900;

reductions of density, pressure, and
vnlunie, 783, S73; specific heat of,

187-190, 861-863; stream of, 310.

Gas-engine, 903.

Gas-light, slightly actinic, 396.

Gas-supply, 906.

Gas-voltameter, 557.

Gauges (calipers), 5, 73, 82; distor-

tion of, 73; expansion of, 7; for

wires, 893; hydrostatic, 98; loose-

ness avoided, 74; micrometer, 73,

81, 90, 913, 964 ; parallax avoided
in, 77; precautions with, 75; pres-

sure-, 384, 669; vernier-, 5-7, 73,

635-636, 909, 964; long, 444, 909.

Gauss, tables referred to, 794.

General methods, 599-600, 626.

Generator, steam, 90, 115, 203,

520.

Geographical data, 897.

Geometric mean, 411, 663.

Glass, annealing destroyed, 105;

balls, 42; calorimeter, 206; cuef.

of expansion (.000008), 47, 51,846,

853, 900; dark, 247; density of

(2.5 -I-), 43 et seq., 846, 853, 900;

horizon-, 247, 249; measuring-, 159;

plates, 84, 913 ; red or ruby, 229.

551; smoked, 288; s]iedfic heat of

(.19), 846, 853; tubes of, 912.

Glycerine (density, 1.26), 877.

Goniometry, 269, 917.

Governor, 302.

Graduation, a stage in scientific

progress, 592; method of, 629;

testing, 74.

Graham's results on diffusion, 885.

Grain, avoirdupois (.0647987 gram),

898; of Wood, 374.

Gram, the, defined, 606.

Graphical method, 12, 62, 103, 120,

136, 162, 173, 288, 296, 309,335,

413,421, 618, 686; pitch det. by,

288, 995; representation of e.m.f.

by, 527.

Graphite, 843.

Grating, diffraction, 267-270, 697-

698, 917, 991-992.

Gravity, acceleration of (978-983),

328-330, 739, 897, 1134; action on

falling bodies, 706-707, 997; affects

all materials alike, 328; attraction

of, between unit masses, 900 ; centre

of, 348-350, 710, 1002. 1102-1107
;

specific, 674 et seq. — see specific
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gravity; table for, 329; universal,

332; variations in, 608.

Green, emerald, 552.

Greenwich, meridian and time of,

546.

Groove, depth meas., 445, 1015.

Ground, electrical, 564.

Grove's cell (emf., 1.9), 890.

Guide-wire for Nieholsou's hy-

drometer, 9.

Guthrie, exp., 389.

Gyration, radius of, 1137.

Habits of coiinling, 287.

Hall, £. H, application of graphical

method, 288; bobbin, 367; defini-

tion of inertia, -333, 741; exp. on

centre of gr., 350; pressure-gauge,

669.

Halvings, successive. 626.

Hammer and plank, 285.

Handkerchief, diSraction produced

by, 264-266.

Hardness, Mohs" scale of, 587, of

substances, 843-855.

Harmonic method, 275.

Harmonics, 275-276 ; of tubes, 696.

Harmony, 294.

Harvard College, lists of exps. pro-

posed for admission to, 1035, 1066,

1079, tables showing correspond-

ence with requirements of, 1065,

1078, 1095.

Headings, prominent, 948,

Head, of torsion app., 334, 358, 919;

of water, 730.

Heat, 679-690; absorption of, 887;

and temperature, 679, 684-685;

apparatus, 913, 916; conduction of,

541, 591, 688, 778, 843-847, 852-

863; contraction due to, 684, con-

vection of. 688; developed bv com-
pression of air, 1163 ; developed by
electric current, 471, 729; devel-

oped by friction, 380; developed in

calorimeter, 688-690; expansion

by, 684 — see expan-sion; inde-

structibilitv of, 688-689; latent,

199. 202, 686-690 — see latent heat

;

lost by cooling, 150, 165, 177, .387;

mechanical eq. of (4.17 x 10'), 387,

611; of combination, 205, 690, 789,

888, 984; of combustion, 210, 690,

789. 888 , of solution, 194, 690, 981

;

radiation of, 212, 688, 788-789, 887 .

specific. 154, 178-194, 685, 979 el

seq. i transmission of, 887 ; unit of,

610.

Heater, steam, 167, 179.

Heating by electric current, 504,

729; by furnace, 903; rate of, 473,

resistance and e.m.f. det. by, 471,

511, 1021-1023. wires avoided, 4.30

Heights, estimated by barometer,

871; thermo-electric, 843-847; tb

which boilies rise (k^ -=- 2(/), 707.

Hektograph, 941.

Heliometer, pyro-, 212.

Helix (induction coil), 416, 921.

Hirn's exp., 389.

Hofmann's violet, 552.

Hood, 905.

Hooke's law, 362, 711.

Hollow bod)-, expansion of, 51, 540.

Horizon, 543; artificial, 541, 917,

dip uf, 544; -glass, 247. 249.

Horizontal component of earth's

magnetism, 403, 404, 440, 449, 456,

460, 1142 U43.
Horizontal parallax, 544.

Horizontal plane, -543.

Horse-power, English (745 walls)

and French (735 watts), 610,

899.

Hue (color), 263.

Humidity, 778-779; affects veloc-

itv of sound, 279; atmospheric del.,

23; relative, 25; tables, 866-869,

871, 874.

Huntington, 0. W., tables, 794.

Hydraulic friction, 378.

Hydrogen, density of at 76 cm.

(.00008957) and at 1 megadyne
(.000088-37), 900; electro-chemical

eq. (.01038 ragr. per ainp6re-sec.),

844, 900.

Hydrometers, Nicholson's, 8-16,

911. 962 testing, 59; with arbi-

trary scales, 59, 588, 892. See
densimeter.

Hydrostatic, arch, 43; balance, 43-
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48; 956-958, 1039
1 pressure, 377,

378. 538, 6Ud-670.

Hydrostatics, 609 ei seq.

Hygrodeik, 2i, 91U, 953.

Hygrometrlo tabl. s, 868.

Hypsometric tables, 867.

Ice, -calorimeter, 191-192 , cleans-

ing; of, 200; latent heat of (see

water), 199, 854; melting (at 0°),

92, 97, 116, 123, 1.30, 179; -trough,

123, 1-30; bottle for, 179.

Icosaliedron, use of, 79-80.

Ideal simple pendulum, 319".

Identification of iiists., 623.

Illumination, intensity of, 613.

Images, formed by diffraction, 264-

265; inverted, 701, of lenses, 231,

237, 701 ; of mirrors, 239 tt sei).

;

real and virtual, 239, 701; size of,

701.

Impact (collision), 311-313, 1052,

1053.

Imperial yard (91.4-389 cm.) and
gallon (4541 ftrams), 898.

Impulses, 379, 576; series of, 641.

Impurities affect results, 945 ; affect

surface tension, 370.

Incandescent lamp, 218.

Inch (2.5400 cm.),- reductions of,

870, 898.

Incidence, angle of, 699.

Inclination, errors from, 76; cor-

rection for, 340; tables for (cover-

sines). 801.

Inclined plane, 374.

Inconstant cells, 531.

Independent arguments^ 664, 754-^

766; reasons, 712.

Indestructibility (conservation) of

energy, 693. '696, 714, 716, 738;

of matter, 742.

Index, mercurial, 119, 537, (point-

er), 614, of dispersion, 264.

Index of refraction. 263, 547-548,

699, 777, 1164 et seq. , a ratio. 604;

extraordinary. 852-855; for gases,

861-863: for' liquids, 548, 856-860;

for solids, 852-855; for solutions,

885.

Index-glass, 247, 249

India rubber, 363, stoppers of, 913;
tubes of, 912, 914.

Indicator-board, 645, 929.

Indirect processes, 633.

Individual (separate) system, 930
et seq.

Inductive capacitv, specific, 563,

1173.

Inductive reasoning, 593.

Induction, electrical, 415, 420, 737;

magnetic, 400, 414, 434, 462, 724.

Induction helix, 416,

Inductor, earth-, 424, 921, 1014.

Inertia, 330^-337, 7-39, 740, 741,

998-999; force of, 333,741, Hall's

definition of, 33-3, 741; moment of,

11.36, 1143, 1145 et seq. ; retarda-

tion attributed to, 332, 740.

Inference, errors of, 616, 622-623;

to be distinguished from observa-

tion. 623.

Infinity-plug, 508.

Injector, 912.

Ink, colored, used in making correc-

tions, 946-947

Instantaneous views through

toothed wheel, 303 et seq.. 321,
325*

Instruction, 9.39 et seq. ; by lec-

tures, 930-934.

Instruments, differential, 648 :. me-

teorological, accuracy of, 676: of

precision, 568 et seq. ; to be identi-

fied, 623. See apparatus.

Instrumental errors, 616, 621.

Insulating material, 145, 586 ; re-

sistance of, 891.

Insulation, electrical. 437 ; ther-

mal, 541; of air spaces great, 145.

Integration avoided, 1097.

Intensity, 613
''^"'^

Interchange, method of, 6.50; of

connections 518,531; of resistances,

479, 480, 488; of weights, 5. 36-38.

Interdiflusion of gases, 780, 869.

Interference of light, 264-270, 696-

698; of sound, 270-273, 292, 293,

992-993.

Intermittent discharge, 561.

Interpolation, 480, 510, 664, 665,
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761 el seq , by curves, 152, for-

mulae for, 31, 33, 1174; in tables,

761 et seq. j in weighing, 31, 33;

inverse, 762-763; methods of,

645. See coincidences, subdivision,

tenths, etc.

Interpretation of curves, 665, 666.

Intersection of plumb lines at cen-

tre of gr,, 348.

Intervals, musical, 273-278- relat-

ed to Liasajuas' curves. 24*7.

Introduction to Part Ilf , 585.

Inverse interpolation, 762-763.

Inverse order of reptition, 164.

Inverse squares, law of, 213, fi92,

693, 7.3S).

Inversion of images. 239.

Iron, coef. of expansion (.000012),

844, 847; density of (7.8), 847; -lil-

ings, 395, 439, 721 ; properties of,

721; use of in construction avoided,

433, 901; use of in magnetic apfi.

avoided, 405, 439.

Irregularity of speed, errors from,

avoided, 290.

Irrotationai pendulum, 320-327,

918.

Isoehronism, 709.

Isotonic scale, 277. 893.
*

Isotropic substances, 1150.

Jacket, steam. 90, 95, 914.

Jars, stone, 383.

Jarring, avoided, 431, relieves fric-

tion, 431.

Jaws of vernier, 6,

Joint, y, 64.

Jolly's balance, 1037; applied to

dynamical meas,, 331.

Joule, the, 610.

Joule's exp., 387; law, 473, 484,

729; mechanical eq. (4.17 X 10'),

391-392.

Junction, thermo-, 215, 520, 737-

738, 923.

Kater's pendulum, 576

Kathetometer, (cathetometer),

572-573.

Kerosene lamp, 216, 225. 916.

Keys, 4.36, 487, 4i90, 508, 529-530,

922; double, 509.

Kilogram-metre (about 98 meg-
ergs), 380-381, 899.

Kinetic (cinetic) apparatus. 918;

energy (energy ofmotion), 715, 716.

Kinks avoided, 366, 367.

Kirchoff , Bunsen and, scale of, 892.

Kohlrausch's physical measure-

ment, 782, 793.

Knife-edges, of balance, 32; of re-

versible pejidulum, 555.

Knife, imaginary, electrified, 415.

Knot in cord used to count revolu-

tions, 386.

Laboratory, cost of, 926 ; fees. 927

;

Jefferson Physical, results obtained

in, 951 etseq.; the, 901.

Lamp, incandescent, 228; kerosene,

216, 218, 916.

Lamplight slightly actinic. 396.

Laudolt and Burnstein, tables,

795.

Lantern for projections, 231.

Latent heat, 686-690, 77C, 982-983,

1045; explanation of, 687; ol lique-

faction (fusion, melting, solidiUca.

tion), 199, 843-85,'i, 982; of solution,

194; of steam (536), 202, 687, 900,

983; of vaporization, 202, 856-863,

983: of water (79 or 80), 199, 542,

686, 900, 982; tables for, 843-863

Latimer Clark, 516, 529, 577, etc.

See Clark.

Latitudes det., 543; table of, 897.

Law of Boyle and Mariotte, 598.

682; of capillary attraction. 372;

of Charles, 683, of cooling (New-
ton's), 687; of Coulomb, 719-720.

of Dalinn, 135; of electro-chemical

eqs., 734; of falling bodies, 706-

707; of flexure, 353, 712; of Hoolie,

362, 711; of inverse squares, 692,

693, 7.39; of Joule, 729; of lenses,

700; of Ohm, 488, 730; of mean
squares, 1117; of motion, 705-706;

of pendulum, 316; of Poiseuille,

730; of reflection, 245, 695; of re-
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fraction, 699; of tangents, 439, 452,

625; of vibration, 709.

Iiaws and Principles of Physical

Measurement, 600 et seq.

Ijead shot, sp. lit. uf de'., 339 ft seq.

Leakage, electrical, 437

Beast count, 6-34, 644, 645.

Least error, 63d.

Least squares, 1125; example in,

1126.

Leolanohe cell (e.m.f. 1.3), 436,

469, 529, 830, 922.

Lecture system , 930-934, S39 et seq.

Length, app. for det., 913; meas.

of, 5; of pendulum, 337, 319; of

-waves of light, 263, 264, 832; of

waves of sound, 270-273 ; standards

of, 71. 268; unit of, 605.

Lens, converKing, 230, 2.36, 242, 618,

910, 916, 1065 et stq. ; com pound,
1167; curvature of, 88,965; diverg-

ing, 243, 916; double convex, 547;

doublet, 917, 1047; foci of, 2-30-

244, 547, 700; images tornu'd by,

231, 237, 701; index of refraction

of, 1165 et seq. ; law of, 700 ; long

focus, 242, 916; magnifying power
of, 243 ; used for Lissajous' curves,

300.

Letter-bailances, 534.

Level, analogous to potential, 730;

of pressure-gauge and outlet the

same, 384; spirit, 42-3, 910.

Levelling screw,', 438.

Lever, 341 el stq., 919, 1000. See

couples.

Light, absorption of (color), 551;

actinic, 694; and sound, 691 el

seq.; apparatus for meas., 918-918;

beam of, 694; bendinj: of, 694, 698;

diffraction of, 264^270-, dispersion

( f, 262-264 ; electro-magnetic theory

of, 692 ; energy of, 693 ; intensity

of, 613; interference of, 284-270,

693-694; medium traversed (ether),

692 ; monochromatic, 262, 547 ;
po-

larized, 648 : ray of, 547; rectilinear

motion explained, 69-3-694; reflec-

tion of, 239-242, 255, 258 ; refrac-

tion of, 257-264 ; time occupied by,

in traversing short distances, 284,

552, 567, 1167 ; velocity of (3 X lO"),

562, 900; vibrations of, D'aiisvcrse,

548, 692; wave-lengths of, 547,

892.

Limb of sun, 54-3, 545.

Limiting angle (coef. of friction),

373-375, 887.

Linear coef . of expansion (^ cubical

coef.), 90, 684.

Lines of application of forces, 356,

710.

Lines of force, magnetic, 397, 406,

413, 415, 422, 426-427, 721, 724;

cut, 415-416, 424-425; dn-ection uf,

721 ; due to cuiTeut, 439.

Lines of spectrum (Fraunhofer'.<),

8J2

Lines, plumb, 574.

Liquefaction, latent heat of, 109.

Liquids, ascent of in capi lury

tubes, 371 ; buoyai cy of, 43 et seq.,

670-671; compressibility of, 540;

density of, 47,48, 866-860; efflux

of, 310, 377; elasticity of, 540, 856-

860; equilibrium of (balanciu>; col-

umns), 63, 94, 98; expansi-m of,

51, 94, 684, 856-860; films of, 369
;

liyili'ostatic pressure of, 63 et seq.,

94, 98, 377, 378, 5-38, 669-670;

pressure of vapors of, 132 et seq.,

856-860, 864-866 et seq. ; proper-

ties of, 8?6-83"; refractive indices

i>f, 548, 866-860, 885, 1167 etsiq.i

specific heat of, 184 et seq., 856-

860; surface tension of, 369-371;

viscosity of, 656, 856-860, 1149.

Lissajous' curves and ci'cles, 295-

301, 996, 1049-X051; formulse for,

299 ;
production of hj" small lens,

300.

Lists, of apparatu", 909; of experi-

ments, 1035, 1066, 1079.

Litre (1000 eu. cm.), —

.

Load, effect of, on beats, 293; on

oscillations, 331, 332; o\i niagneiic

needle, 412, 420; on toothed wheel,

303; on tuning-fork, 293, SfU; re-

lated to deflection of beams, 350-

354; wire straightened by, 366.

Loaded board, 348.

Lobes in Lissajous' curves, 299.

40
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Local and Greenwich time, 546.

Xjocatiou of centre of gravity, 348.

liogarithmic sines and tangents,

768-769,816-817,820-821.

Xiogarithms, characteristic and
mantissa of, 769 ; table of, 3 place,

799 ; 5 place, 822-841 ; use of ex-

plained, 662, 769-773.

Ijogical analysis, 624.

Long bar magnet, 411-414.

Long micrometer (frame), 90, 915.

Long vernier gauge, 444, 909.

Longitudes, det., 540; table of,

897.

Longitudinal vibrations of wire,

554, wave motion; 1160.

Loop of wire, currents induced in,

415, 424-428.

Looseness of gauges, 74.

Loss, of heat by cooling, 150, 165,'

177, 387; of material in transfer-

ring, 168 ; of weight from evapo-

ration, 169; of weight through

buoyancy of fluids, 43 et seq., 670-
671."

Luminosity, relative, 551.

Lunar observations, 547.

Machine, dynamo, 536; theoret-

ically perfect, 380.

Magnet, action of, on currents, 725;

arc of isochronous vibrations lim-

ited, 412, 413; bar, long, 411-414,

710, 921, 1013-1014 ; compound,

396, 487, 490, 921, 1010 et seq.;

dipping-needle, 423; vibration. 412,

921, 1013. See magnetic and mag-
netism.

Magnetic, apparatus, 921 ; area,

452, 726, 727, 1016; at'ractions and
repulsions, 399, 407, 413, 722-723,

1010; bodies, positions noted, 432

centres, 710. 721 ; couple, 402, 727,

1011-1012, 1141; current-measure,

725-728; curves, 395, 396, 41.3,

421, 720 ; deflections, 405-411,

1011-1012; dip, 422-4-30, 1014;

field, 724, 1012, 1141; field, action

on currents, 439, 725, 736; field,

created bj' currents, 718, 724

;

field, rotary polarization of, 887;

forces, 398 tt seq., 1011-1UJ2

;

forces meas. by balance, 398, 1011;

forces, protection from, 4S2; in-

duction, 400, 724; lines of force,

397,406, 413, 415, 422,425-427, 721-

724; measurements, 394-430, lOll)

et seq. ; meridian, 422, 423, 429,

434, 462, 721;. moment, 402-404,

409, 411, 1011 et seq ; needle or

pendulum {see magnet), 440, 709,

710, 1140; needle related to cur-

rent, 724-725 ; needle, throw of,

709; pendulum, 440, 709, 710, 1140;

poles, 394. 398, 710, 721, 1010 tt

seq. ; poles, distance between, 394,

414,422, 1010, 1013; poles, strength

of, 398 ; saturation, 788 ; surround-

ings, 4-32; susceptibility, 788, 887,

900; system, 511 et seq., 560, 725.

See magnet and magnetism.

Magnetism, Ampere's theory of,

718; distribution of, 411-422, 1013-

1014; imparted to magnet.s, 394,

412, 419, 423; mduced, 400, 724;

nature of, 718, 720 ; of earth,

397, 402; of earth, horizontal com-
ponent of, 403, 404, 440, 449, 456,

460, 1012, 1142-1143; of sub-

stances, 887; permanent or resid-

ual, 887; positive (north) an-i

negative (south), 415-418, 611;

prei'ervatiou of, 432
;
quantity of,

611, 722; reversed, 424; unit of,

611. See magnet and magnetic.

Magneto-induction, 415,736,921.

Magnetometer, 405-408, 1142.

Magnifying glass (lens), 230, 236,

242, 618.
Magnifying power, 243.

Magnitude, of couples. 711 ; of

force. 705; of velocity unch.Tnged

in absence of force, 706; order of,

627.

Mance's method, 490-493, 1026.

Manipulation in physical meas.,

593; of a balance, 27.

Manometer, air, 132, 538, 913, 973-

974.

Manometrie apparatus, 129, 915.

Mause, see Mance (490-493).
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Mantissa, 769

Marble (ball), 42, 87, 308, 312.

Mariotte's bottle, 284, 556; law
(Boyle and Mariotte), 598, 682.

Markers, 334, 355.

Mass, 741, 742; and weight, 332,

740; estimated by impact, 313,

1053; by oscillations, 330-312, 998;
in grams, 333, 740, 741, 742; stan-

dard of, 332; unit of, 6U6.

Match, application of, 314.

Materials, battery, 463 et seq., 922
;

building, 846-847; chemical, 848-

851; of pendulum indifEerent, 328,

330 ; optical, 852-855
;
properties of,

843-863.

Mathematical processes, abbreviat-

ed, 662-663; proofs of, 1130 tt seq. ;

insignificant tigures generated bj',

661; tables, 749.

Matter, characteristics of, 739; in-

destructibility of, 742; quantity

(mass) of, 741-74-2.

Maximum and minimum (self-reg-

istering) thermometer, 97.

Maximum density of water

(1.00001), 673; efficiency related to

power and speed, 385; magnetiza-

tion of substances, 887; reading of

spring balance recorded, 368 ; strain,

362-363 — see breaking strength;

temperature, 540.

Mean, arithmetic, 411, 663, 1127;

geometric, 411; noon, 546; solar

day, 606; squares, 1109, 1114, 1117,

1118; time, 546.

Measure, tape, 445, 909.

Measurement, nature of, 602; rel-

ative and absolute, 591-592, 603.

See table of contents.

Measures, reductions of, 898-900.

Measuring-glass, 159, 915.

Mechanical devices, 618; equiva-

lent of heat (4.17 X 10'), 611,

898, 1009-1010; equivalents det. of

sp. ht. by, 387.

Medicine dropper, 136, 915.

Medium, luminiferous (ether), 692.

Meeadyne (1,000,000 dynes), 338,

383. 871.

Megerg (1,000,000 ergs), 383.

Melloni's (optical) bench, 216.

Melting, latent heat of, 199. See
liquefaction.

Melting-points, 140, 843, 855, 975;
of ice (0°), 605. See temp, of fu-

sion, hquefaction, solidificalion,

etc.

Meniscus, 18, 782.

Mercury, amalgamation with, 437,

463, 465; barometer, 17 ei seg.,

781-783, 872; calibration by, 371,

641 ; calorimeter, 191 ; chronograph,

284; cleaning, 17; connections, 437;

density of (13.6), 877 ; expansion

coef. of (.00018), 844, 859, 900; in-

dex of, 537, 614; manometer, 129;

specific resistance of (.942 X 10>),

900 ; specific volume of, 876 ; thread

of, 110; thermometer, 104 et seq.;

vapor of, 20, 22. 866.

Meridian, len,!{th of earth's, 605;

magnetic, 422, 423, 429, 434, 462;

of Greenwich, 546.

Meshes, images due to, 264-266.

Meteorological insts., accuracy of,

676; examples, 952-953.

Method, experimental, 593; abuse

of, 598.

Methods and Principles of Physical

Measurement,585
;
general, 599-600.

Metre rod, 909 ; the, 603,605; stan-

dard, 605.

Metric system, 603.

Metronome, 285.

Microfarad (10-" C. G. S ), 561.

Microhm (1,000 C. G. S.), 485.

Micrometer, electric, 350, 365, 919

;

eye-piece, 574; frame, long, 90,915

;

gauge (calipers), ,73, 81, 351, 360,

361," 368, 486,913, 964.

Microscope, 571, 618.

Middle-point of thermometer, 118

Middle third of consecutive uh-.

omitted, 867.

MUe, nautical (1.852 kilom.) and

statute (1.60932 kilom.). 898.

Millimetre (0.1 cm.),—; scale, 9.

Minimum deviation, angle of, 547

number of weights employed, 631

of sound in telephone, 564-565

visible angle, 260-269.



1212 INDEX.

Mirror, concave and convex, 2-tO,

917; foci and images, 239-lilJ:l;

-galvauometer (Thomson's), 579;

revolving, 553 ; used to avoid par-

allax, 616; virtual image of, 701.

Miscount avoided, 287.

Mistakes and errors, 615; discov-

ered by check methods, 652.

Mixtures, freezing, 112; method of,

178, 18i, 192; table for, 885.

Modulus of elasticitv, 711; of resil-

ience of volume, 538; uf torsion

(simple rigidity), 5J8, 55i, 775,

843-847, 1153-1156; of transverse

elasticity, 353; Young's, 360-367,

920, 1005, 1151.

Molls' scale of hardness, 587.

Moisture (aqueous vaiioi), 29, 121,

866-869, 871, 874.

Molecules, elastic, 692; space oc-

cupied by, 680; velocity of, 681;

velocity of, affected by cohesive

forces in change of state, 689 ; vi-

bration of, 679; weight of, related

to sp. ht., 688.

Moments, magnetic, 402-404, 409,

410; mchanical, 341 et seq., 1102

— see coifples ; of inertia, 1136,

1143, 1145 t1 seq.

Momentum, angular, of needle,

417.

Monochord (sonometer), 274, 918,

1049.

Monochromatic light, 262, 547.

Moon, observations of, 547.

Morin's apparatus, 309.

Motion, components and resultants,

703; energy of, 715; laws of, 705-

706; maintains itself in absence of

force, 706 ; oblique, work done by,

714; of waves, 691, 1160; relative,

703.

Motor, efficiency of, 382-385, 533

;

electric-, 533, 923, 1034, water-, 382-

383, 920, 1008-1009 ; work done by,

382; work spent upon, 383, 71-3.

Moving body, energy of, 715-716.

Multiple arc, connections in, 451,

467, 731, 735.

Multiples how produced, 629.

Multiplication, abbreviated pro-

cesses, 663; method of, 16, 41, 177,

285, 640; of physic.il quautiiies,

661.

Multiplier (galvanometer), 641.

Musical ear required, 275 , inter-

vals, 273-278, 295-301,993; nota-

tion, 277 et seq., 293 ; note, 694, 6J5;

note due to longitudinal and lui--

sional vibrations, 554; pitch, 2dl

;

scale, 277, 791-792, 893. See

Lissajous' curves, monochord, and

sound.

Wature ofelectricity and magnetism,

.718; of measurement, 585-691,

692.

l!fautical almanac, 543, 546, 795,

893; mile (1.852 kilum.), 8J8; ob-

servations, 543.

Wear-sighted (diverging) lenses,

244.

Needle, magnetic, affected by cur-

rent, 718, 724; arc of isochronous

vibration limited, 710; astatic, 418,

431,4.33; compa.'s-, 397; dipping-,

423; galvanometer, 418-420; Sf'ries

of impulses given to, 641 ; throw

of, 609.

Negative characteristics in Inga-

rithras, 667; expansion of water,

0° to 4°, 684; indications charac-

teristic of null methods, 648; mag-
netism, 611; readings, 82, 2.)2;

sign, use of, 753.

Network, diffraction produced bv,

265-266.

Neutral point on magnet, 416.

Neutralization of ourri-nts or

e.m.f.s, 502.
.

Newton's law of coo'ing, 147, 176,

687-688; of motion, 705, 706.

Niagara Falls, 389.

Nicholson's hvdrometer, 8, 13,

14, 911, 952, 1037.

Nitric acid, action on zinc, 205-210;

danger from, 205-206.

Nojies, 276.

Non-oonduetors (insulator.?), 586;

resistance of, 891.

Noon, appa'ent and mean, 543-546.
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North (positive) and south (nega-
tive) poles, 394, 402, 412, 721-

722.

Notation, iu phj-sical measure-

ments, 660
J

musical, 277 et scj.,

8ij3 ; of averages, 1100 ; of probable

error and differences, 758-760.

Notched (Toothed) wheel, 301-307,

694.

Note-books, 621, 623, 946-950.

Note, musical, three classes, 694,

695.

Notes on the arrangement of tables,

746-760.

Numbering, a. stage in scientiifio

progress, 692.

Number of turns of wire, 427 ; of

vibrations (pitch), 291.

Numbers, average of, 1098.

Nut, 572.

Object glass, 233.

Oblique forces, 344 et seq.; work
done by, 714-715.

Obliquity, errors from, 76, 282.

Observations, afld calculations to

be separated, 623. 946 ; and errors,

614 et seq., 1109; consecutive, 667-

668; examples of in note-books,

949, 950, 951 et seq. ; in physical

measurement, 592-593; lunar, 547;

mean taken, 653; nautical, 643;

original records of, to be preserved,

623; rpported before reduced, 621;

simultaneous, 460, 532, 619; two

necessary for simplest measure-

ment, 622.

Octave, 278; and fifth, 298; beats

due to, 293.

Ocular method, 324.

Ohm, the, 473, 611 ; B. A. unit (.9889

legal ohm), 900; legal (106 cm
mm2 me'-curv), 900; standard, 581.

Ohm's law, 488. 499-500,- 503, 504,

513, 515, 519. 7-30; method for bat-

terv resistance, 498, 1028; for

e.m.f., 501, 512, 518, 520, 1028.

Omission of ciphers, etc., 753.

Opposition, method of, 516, 1093.

Optical apparatus, 916-918: bench.

230,916; devices, 618-619; mate-

rials', 852-855; method, 324.

Order, chronological lollowed iu

notes, 946; inverse followed in re-

peating exps., 164; of magnitude,

627.

Ordination, a stage in scientific

progress, 592.

Original records of observations

preserved', 623.

Oscillation, arrested, 421; approxi-

mately isochronous, 315; arc of,

limited, 323, 327, 331, 412, 4]3,

710 ; centre of, 1137 ; law of, 709

;

of magnetic needle, 431 ; rate of,

315, 433; variations in, 765, 800;

table for reducing time of, to small

arc, 800; time of, 316; used to com-

pare masses, 330, 998 ; weighing by,

30. See vibrations.

Ounce bullet, 213, 288.

Outlet on level with pressure gauge,

384.

Oxygen, heats of combustion in,

888.

Ounce (oz.), avoirdupois (28.3494

grains), 8^8.

Pan-arrester, 569.

Pan of balances, 351 ; paper, 368.

Paper, coijrdinate — see graphical

method ; ferro-prussiate, 396 ; scale

pans, 358; traging, 155.

Parallax, 231, 2.32, 241, 25.'), 317,

424, 544, 616; in gauges, 77: in

thermometers, 113; method of fo-

cussing by, 232, 241; solar, small,

645.

Parallel axes, moments of inertia

about, 1143; forces, 710, 1000;

wires, 434, 903

Parallelism of sides of prism, 257.

Parallelogram (triangle) of forces,

70-3.

PartI.,I;II.,279;[II.,595;IV.,901.

Partial vacuum, 67.

Pascal's principle, 669.

Pasteboard tube, 390, 920.

Peirce, B. 0., modification of mir-

ror galvanometer, 580.
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Pendulum, 285, 286, 288, 291, 315,

997-998 ; arc of isochronous oscilla-

tions of, limited, 710 , ballistic,

311, 389, 707-708, 1052; Borda's

(simple), 319; centre of gr. of, 555;

compound, 323, 1136; control for,

575; et|uivalent simple, 555, 1137;

ideal simple, 319; irrotational, 320,

918; isochronism of, explained, 709;

Kater's, 576; laws of, 316; length

of, 317, 319, 322; magnetic, 440,

709, 710, 1140; material of, indif-

ferent, 328, 330, 742; related to

falling bodies, 320; reversible,

555, 1137; rotary, 1133; seconds,

897; series of impulses given to,

641; simple, 319, 918, 997, 1134;

tables for, 329, 897 ; time of, 328,

330; torsion, 334, 919, 1140.

Per cent variation, 662.

Perfect machine, 380,

Permanent gas (see air, hydrogen,

oxvgeii, nitrogen, etc.), 861-863.

Permanent magnetism, 788.

Permanent prints, 396.

Permanent strains, 351

.

Persistence of impressions on ret-

ina, 303.

Personal equation, 619 ; error, 288.

Petit, Dulong and, app. modified,

95, 915, 966-967.

Photographic prints, 396; rays.

694; room, 905.

Photometers, 222-229; Bunsen's,

222-224, 916, 985.

Photometry, 222-229, 905; of

colors, 228-229,

Physical arithmetic, 662-663.

Physical Measurement, Principles

and Methods of, 602-668; never

exact, 596-597.

Physical quantities, 592; tables,

757-758.

Pickering's system, 751, 930 ; tables,

794.

Piezometer, 537.

Pile, voltaic and galvanic, 436, 569.

See cell.

Pint, U, S. (473 grams), 898.

Pipe, 554, 918.

Pitch, musical, 294; det. by beats,

293; det. by chronograph, 577;

det. by graphical method, 288, 995

;

det. by toothed wheel, 306-307,

996; standards of, 791-792, 893.

Pitch of screw, 85, 366, 572.

Pitch-pipe, 554, 918.

Pith-baUs, 514, 565.

Pivot of compass, 431, 439.

Places, decimal, number of retained,

590; of instruments to be noted,

623.

Plan for observations, 942-943, 949-

950; of laboratory, 906, 907.

Plane, electrified, 1171; equatorial

and horizontal, 543; inclined, 376.

Planets, 896.

Plank and board (friction app.), 373,

374, 920.

Plank and hammer (signalling app.),

285.

Plated cup, 24.

Plates of giass, E4, 913.

Platform scales, 383-:i8i

Platform, suspended, 365.

Plotting curves, 413.

Plugs, cleaning, 495; infinity, 508;

of rheostat, 475; split, 365.

Plumb-hne, 574.

Poggendorff's method, 513-514,

531, 1034.

Pointer (index), 614; of vernier, 6;

of spring balance, 338.

Points, bluntness of, 86 ; of applica-

tion of forces, 710 ; of condensation,

ebullition, fusion, solidification, va-

porization, etc., see temperature of,

etc., also boiling and melting

points [140, 843-860].

Poiseuille's law, 730.

Poisonous substances (ferro-prus-

siates, etc.), 395.

Poisson's ratio, 1151-1152.

Polarization, 548; plane of, 550;

rotary, 550; tables for, 787-788,

886-887.

Polarizer, 549.

Poles, magnetic, 394, 710, 721 ; dis-

tance between, 394, 403, 414. 422;

north (positive) and south (nega-

tive), 403, 407, 529; strength of,

398, 403; of batterj', positive (car-
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bon 01' copper) and negative (zinc),

890; of eanh, gravity at, 608.

Porous cups, 436.

Position of insts. det. relatively to

floor and walls, 433.

Position of equilibrium, 30.

Positions to be noted, of break in

wire, 368 ; of instruments, 433,

450, 456 ; of magnetic bodies, 432-

433.

Positive (vitreous) and negative

(resinous) electricity, 719.

Positive (north) and negative

(south), magnetism, 611.

Positive (carbon or copper) and

negative (zinc) poles of battery, 890.

Post, 368.

Potential, electrical, 488, 504, 511,

730,790, 889-890, 1169; analogous

to head and level, 730-731 ; differ-

ences of (e.m.f.), 489, 512, 518,583;

due to contact, 889; energv, 381,

726; fall of, 528, 730.

Potentiometer, Clark's, 516, 529.

Pound, avoirdupois (453.590 grams),

898.

Poundal (13,825 erg.<), 899.

Powders, density of, 53 ; absorp-

tion, emission, radiation, etc., of

heat by, 887 ; conductivity of

(about .0002), 847.

Power, 378, 385, 473, 484, 504, 511,

535, 610, 920, 1008-1009, 1034;

candle-, 216, 221, 222 at seg. ; elec-

trical, 729, 1034; of motordet., 382;

of recovery, 351, 360; related to

speed and efBciency, 385: unit of

(watt = 107 c. G. S.), 899; waste

of, 435.

Powers and roots, errors in, 640;

dependent on number of reasons,

712; of numbers, 798.

Practical units, 484.

Precautions against dust, etc., 29

;

in det. of candle-power, 218; in use

of mercurial thermometer, 105; in

electrical raeas., 431; in use of

calipers, 75.

Precision, and accuracy, 593; in-

strumeijts pf, 568; of null methods,

64d.

Prefixes, signification of, 603.

Preliminary exps., 1 ; app. for, 911.

Preparation of mixtures, 787, 885.

Preservation, of figuring, 623-624;

of magnetism, 432; of original

records, 623.

Pressure, 899; and capacity, 538;

and density of gases, 632; and fric-

tion, 373, 376; and temperature,

679, 680; atmospheric, 613,- 675;

barometric, 17, 143, 899; critical,

775, 856-863; -gauge, 377, 384, 669;

on level with outlet, 384; hydro-

static, 377, 378, 538; of gases, 127;

of vapors, 132-134, 135, 856-860,

864-867, 872,974; on given level

constant, 669; standard, atmo-

spheric, at Paris (1.01360 X 106),

900; temperature and humidity,

25, 887 ; transmission of, 669 ; work

and fl.iw, 713.

Principal foci, 230-236, 238, 243,

547.

Principles, and Methods of Physi-

cal Measurement, 585, 600; of Ar-

cliimedes, 54, 670; of calorimetry,

688; of Pascal, 669.

Printed forms, 942-944, 946.

Prints, photographic, 395.

Prisms, angles of, 255-257; index

of refraction of, 547, 1164; pyra-

midal convergence of, 255; small,

255, 917.

Probability, coefficient of, 1110,

1118-1119; curve of, 1113-1115: of

errors, 773-774,842, 1109; table of,

842.

Probable error, 658-659, 745, 842,

1110; calculation of, 658-659, 1119-

1122; of averages, 659, 1121; of

powers aud roots, 112-3-1124; of

products and quotients, 1123; of

results, 659, 1124; of sums and

differences, 1119 - 1 1 20 ;
places

affected by, 661; table of, 842.

Processes, arithmetical, abbrevia-

ted, 662-663.

Products found by addition, 662-

663.

Progress, scientific, stages in, 590.

Projecting-lantern, 231.
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Prongs of fork with film, 369; of

tuning-fork, how bowed, 289.

Proofs of formulsei 1130 (( sey.

Proper method of counting, 286.

Properties, general, of bodies, 774-

777, 843-86-3; of building materials,

846-847; of chemical substances,

848-851; of crystals, 852-8.55; of

elementary substances, 843-845; of

gases, 861-863; of liquids, 856-860;

of solids, 843-855; of solutions,

878-886 ; of vapors, 861-869.

Proportional errors, 1123; parts,

table of, 797;, use of, 761-763.

Protractor, 358, 402, 420, 424.

Provisional units, 630.

Frussiates (ferro-):, prisonous, 395.

Pulleys, 340, 379, 386, 387, 534;

friction of, 386, 387.

Pulse transmitted by string, 691.

Pump, air-, 54, 912.

Pyramid, centre of gravity of, 1104

;

volume of, 1101.

Pyramidal convergence of prism,

257.

Pyroheliometer, 212.

Pythagorean (harmonic) methid,

274; proposition, 346, 347.

Quadrant, earth's, length of

(10,007 -l-kilom.), 605.

Qualitative distinctions, 587.

Quantitative, 592.

Quantity, large, preferably meas-

ured, 638; physical, 592; cells ar-

ranged in, 735; of el' ctricityj elec-

trostatic, 729 ; electro-magnetic,

560 ; of heat, 387 ; of magnetism,

611, 722; of matter (mass), 740-

742; of motion (momentum, or pro-

duct of mass and velocity),^; of

work, 387 ; variable, 748-749, 1097

et aeq.

Quarter points of thermometer, 118.

Quartz, rotary polarization of (D,

217° per cm.), 886.

Radiation, apparatus, 916 ; of heat,

212, 088,789,887; solar, 212.

Radius of curvature, 547, 965;

mean, 548; of gyration, 1137; of

wire or cylinder, 361, 371, 377.

Rarefaction and condensation, 292,

1160.

Rate of cooling, 146; of heating,

473; of oscillation, 315, 433, 765,

800; of vibration (pitch), 288, 433;

of working (power), 378, 385, 473,

484, 504, 511, 535, 610.

Ratio of balance arms, 35; in musi-

cal intervals, 273-278, 295-301 ; in

relative meas., 589, 604; of two

sp. hts. of gases (1.408), 900; Pois-

son's 1151-1152.

Rating chronometers, 546, 575.

Eaya, 547, 691, 693; actinic, calo-

rific and luminous, 694; bending

of, 694, 698.

Reaction = action, 400, 706.

Reaction of nitric acid on zinc, 209.

Reading a vernier, 77, 78.

Reading-microscope or telescope,

571, 572.

Real and apparent sp. vol. and sp.

gr., 672-673, 744, 784, 875, 876.

Real and virtual foci and images,

2.39.

Reasoning, inductive, 593.

Reasons, independent, 712.

Reaumur thermometer, 589.

Reciprocal defined, 763; tables of,

798, 802-803.

Recoil of spring balance dangerous,

368.

Records, how made, 621, 623 ; orig-

inal, preserved, 623, 941, 947.

Recovery, power of, 351, 360.

Rectilinear propagation of light

and sound, 693-694.

Red glass, 551

.

Reduction factor of galvanometers,

446-447, 456-460, 495, 499, 556,

lOiS, 1058, 1090.

Reductions of arbitrary scales,

892-894; of barometric readings,

870- 872 ; of cm. to megadynes, 871

;

of consecutive obs., 667 ; of density

and volume to 0° and 76 cm., 683

873; of inchesi, to cm., 870; of

measures, 898-900 ; of minutes and



INDEX. 1217

seconds to degree?, 894; of results,

658-668
i
to vacuo, 45, 47, 50, 671-

674, 956 et seq. ^

Eeduplioation of apparatus, 927,

928, 931, 934 tt seq.

Re-enforcement of sound, 292, 293.

Keferenoe to books, 794-795.

Eefleetlon, 239-242, 255, 258, 695;

laws of, 245, 695.

Refraction, 257-264, 698 ; angle of,

257-264, 699 ; atmospheric (1' totau

A), 544; det. of, 257-262; double,

547 ; explanation of, 699 ; index

of, 547-548, 699, 1164 et seq. ; law

of, 699 ; of lenses, 230, 236, 242 ; of

liquids, 548, 856-860; of prisms,

257-2i2; of solutions, 885.

Registers, 903.

Registering thermometers, 97.

Regnault's app., 167.

Regulator (clock), 318,324, 335,575.

Relative current strength, 462-466;

humidity, 778-779; magnitudes or

values, 589, 604 ; masses, 313 ; mo-

tions, 703.

Repetition, methods of^ 640, 642-

643.

Report and flash, 284.

Reports) how made, 944; originals

preserved, 623.

Representation of differences, 758-

760; of probable error, 659-660.

See graphical method.

Repulsion, eleetrical, 719-720: of

similars, 718; of two magnets, 399.

Residual charge, 562 ; magnetism,

887.

Resilience (modulus of elasticity)

of volume, 538-5.39, 775, 1151;

tables for, 843-863.

Resistance, electrical, 377, 471 et

seq., 729, 1021 et seq. ; and e.m.f.,

728-738; box of (rheostat), 557,

923 ; coil, 471, 531, 922; comparison

of, 474; det. by heating, 471, 1021

et seq. ; det. by substitution and

interchange, 476-480, 1023, 1059-

1060; det. by Wheatstone's bridge,

480-493, 558, 559, 562, 732, 1024;

heated by current, 504; in series

vand multiple arc, 523, 731; inter-

7

change of, 479, 480, 488, 1023; of

batteiy, 490, 1029, 1061, 1062; by
Mance's method, 490-493, 1026;

by Ohm's method, 498, 1028; by
Thomson's method, 1062; indepen-

dent of direction of current, 443 ; of

electrolytes or solutions, 559 ; of

galvanometers, 493; by Thomson's
method, 487-489, 1026; specific,

484-486,891, 1025; tables of, 891;

unit of (ohm = 109 c. G. S.), 611.

Resistance, hydraulic, 378; of air,

slight, 328, 380 ; to crushing, 846,

847; to fracture, 354; to shearing,

846-847.

Resolution of forces, 375.

Resonance, 272, 273, 695, 993.

Resonance-tube (resonator), 272-

273, 696, 918.

Resultants and components, 703;

of errors, 1111 ; <-f magnetic forces,

722.

Results, concordance of, deceptive,

594; how reported, 944; iitiportant

part of exp., 944; probable error

of, 659; reduclion of, 658-668;

weight of, 1128-1129.

Retardation attributed to inertia,

332, 740.

Retina, persistence of impressions

on, 303.

Reversal, method of, 650; of cur-

rent, 435, 442, 450, 482, 488, 499,

505, 518, 532, 533: of instruments

a test of adjustment, 627 ; of mag-

netism, 424.

Reversible pendulum, 555.

Revolution (speed) counter,385,923.

Revolving mirr r, 653.

Rheostat, 474-476, 484-536, 557,

923; correction of, 557.

Richards' injector, 912.

Rider, 569, 6.34.

Right ascensions, 896.

Rigidity, simple (modulus of tor-

sion), 538, 554, 846-847, 1151.

Ring, moment of inertia of, 1140,

1145, 1146; of micrometer, 365;

small pair to prevent rolling, 42,

912; suspended about axis, 334,
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Rocking, a test of adjustment of

spherometer, 84, 618 ;
^d twisting

prevented, 351.

Bod and chain, errors in use of, 642.

Bod, ash-twisted, 355 ; deflection of,

350-354; heat conducted by, 542;

metre, 317,909; stiffness of, 357;

torsion of, 357, 1003.

Boots and powers, errors in, 640.

Botary pendulum, 1133; polariza-

tion, 550, 787-788, 886-887.

Botation, right and left handed,

550.

Botating mirror, 553.

Bough measurements of value, 594.

Bough methods of calculation, 662,

666; use of, 666.

Bubber, India (Caoutchouc), 363.

Buby glass, 551.

Buhmkorff coil, 518.

Bules for approximation, 662; for

calculating probable error, 1122; for

correcting apparent wt. and sp.

gr., 672-673; for interpreting ta-

bles, 751; for logarithmic work,

772-773; for observations, 621.

Bumtord's photometer, 224-226,

Saccharimeter, 549.

Safety-valve weights, 338.

Sagging, 345, 454.

Salts, diffusion of, 885.

Sand (oxide of silicon), 850.

Saturation, magnetic, 887 ; with

heat, 679.

Scales, arbitrary, 588, 791, 892-894;

errors of, 621; expansion of, 71:

millimetre, 334, 355; musical, 277,

893; of hardness (Mobs'), 587; of

hydrometers, 588, 892
;

' of sextant,

251 ; of temperature, 605 ;
plat-

form (balances), 383-884; rough
(grocer's balances), 3; sliding, 635;

thermometric, 588-589, 832.

Scratching a test of hardness, 587.

Screw-cups, 436 ; -eyes, 355 ; -gauge
(micrometer), 73, 81, 351, 360, 361,

368, 486; pitch of, 85; levelling-,

85.

Sea horizon, 543.

Search for errors, 599.

Secants, 766, 800-801.

Second, the, 606.

Seconds pendulum (99 -f- cm.), 897.

Self-induction, 475.

Self-registering thermometer, 97.

Semi-conductors, 587.

Semitone (1.0595: 1), 278, 773.

Sensations transmitted at unequal

rates, 616, 619.

Senses, two, use of, 619.

Sensibility. See sensitiveness.

Sensitive paper, 395.

Sensitiveness of astatic combina-

tions, 419, 432; of balance, 31; of

electric micrometer, 351; of galvan-

ometer, astatic, 420, 489; mirror,

580; of hydrometers, 8; of instru-

ments in general, 645-646 ; of sphe-

rometer, 84, 618; of suspensions,

431; related to quantity meas., 638.

Separate (individual) system, 930.

Series, -connections in, 443, 451, 731

;

of impulses, 641; of temperatures,

172.

Set of forks, 294-295 ; of resistances

(rheostat), 474-476, 484-536, 557,

standard, 629-630; weights, 3, 8,

28, etc.

Sextant, 244-257, 261, 543, 545-546,

566, 917, 988 et seq. ; meas. of small

angles by, 253; meas. of long dis-

tances by, 281.

Sharp bends avoided, 366.

Shearing strength, 775 ; stresses and

strains, 1153 ei seq.

Shell, spherical, form of wave, 693.

Short circuit, 486, 494. See insula-

tion.

Short intervals of time, 284.

Shot, sp. ht. of, 178, 389, 979. »
Shot-heater, steam, 179, 915.

Shunt, use of, 432, 487, 490, 493,

495, 501, 507, 509, 922, 1027, 1068.

Shutters, 1027, 1058.

Sidereal time, 894.

Siemens' unit (.942 X 10' C. G. S.),

900.

Sights, 359, 402, 454.

Sign, negative, use of, 753.

Signalling apparatus, 918.
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Signals, sound, 235.

Significant figures, 656, 660-661,

796.

Silbermann, Favre and, 191.

Silk fibre, untwisted, 316, 412, 418.

Similars, repulsion of, 718.

Simple pendulum, 319, 918, 1134;

equivalent, 555, 1137; ideal, 319.

Simple rigidity (modulus of torsion),

538, 554, 775, 843-847, 1151.

Simultaneous observations, 450,

532, 619.

Sines, 765; logarithmic, 816-817; of

small angles equal to tangent, arc,

chord, etc., 663; tables of, 800-801,

814-815.

Single-ring (tangent) galvanome-

ter, 439.

Sinker, use of, 1039.

Siphon, 378, 920.

Siren, 577.

Size of images, 701.

Skill acquired in physical rtieas.,

593.

Sliders, 481, 526, 529.

SUding helix or coil, 416, 921;

scales, 635.

Slits, spectroscopic, 260, 917; in

toothed wheel, 302.

Slope, 375.

Small angles, arcs, sines, chords,

and tangents of, equal, 663; cosine

and secant of, unity, 663; measure-

ment of, 253.

Smoked glass, 288, 296; apparatus

for tracing on, 288, 918.

Smoked paper, 313.

Soap-bubble (film), 369.

Sodium, flame, 260, 917; wave-

length of (.00005893), 900.

Solar day, 898; light, photographic

printing by, 395; parallax small,

545, 900; radiation, 212; spectrum,

264, 694; system, 896; time, 546.

See sun.

Solidification (see melting), 140,

199, 685, 843-855.

Solids, expansion of, 90. 684; fric-

tion between, 373, 376, 887; proper'

ties of, 843-852; specific heat of,

1?8.

Solubilities, chemical, 586, 848-

851; of air and gases, 861-863.

Solution[s], boiling-points of, 882;

densities of, 880-881 ; electrical con-

ductivities of, 884; heat of, G90,

981; properties of, 786-787, 880-

891 ; refractive indices of, 885 ; re-

sistances of, 891; rotary polariza-

tion of, 886-887; specific heats of,

883; table for mixing, 787, 885.

Sonometer (monochord), 274.

Sound, affected by wind, 280; and
light, 691 ; apparatus, 918 ; energy

of, 693; interference of, 270, 992-

993; interrupted by vacuum, 692;

reflection of, 695; resonance (re-

enforcement) of, 272, 993 ; -shadow,

698; signals, 285; transformed into

heat, 694; velocity of, 276, 279,

869, 1160 el seq. ; early det. of, 285

;

formuliB for, 280, 281," 1160 etseq. ,

in wires, 554; table for, 869; wave-
length of, 270-274, 992-993.

Sounder (telegraph ins*.), 284, 324,

351, 365,' 575," 577.

Sources of authoriity, 794.

Space, occupied by liquids, 875-876;

traversed by falling bodies, 315.

Span of spherometer, 85.

Specific, 604, 611.

Specific conductivity, electrical,

776, 786, 843-847, "884; thermal,

541, 591, 688, 766, 843-863.

Speoifio gravity (see density), 14,

604, 1036 et seq. ; and density dis-

tinguished, 674; apparatus, 912;

apparent, 672, 958 et seq., 968;

-bottle, 49-58, 101, 912, 958 et seq.

;

correction for, 673 ; -flask, 70 ; re-

ferred to hj'drogen, 861-863.

Specific heat, 611, 685-686, 979 et

seq. ; and molecular weight, 686

;

comparison, of methods for det.,

182; det. by electrical method,

1044; det. by fusion of ice, 191; by
indirect methods, 185-186; by
mechanical equivalents, 389 ; by
method of cooling, 154 : by method
of mixture, 178, 184, 192; of air at

const, pressure (.238) and at const,

vol. (.169), 779-780, 868; of brass
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(.094), 846, 900; of iron (.11), 847;

of elemental'}' substances, 843-845;

of gases, 187-189, 861.-863, 900; of

glass (.19), 853, 900; of liquids,

184, 856-860; of shot, (let, 178,

389 ; of solids, 178, 843-855; of so-

lutions, 883; of water, mean, 0°-

100° (1.005), 900; ratio of, in gases

at const, pressure to that at const,

vol. (1.408), 900; tables for, 843-

863.

Specific inductive capacity (air = 1),

d60-561, 563, 777, 862-8'63.

Specific resistance, 484, 790, 891,

1025.

Specific volumes, 57, 102, 540, 743--

744, 784-785, 875^876.

Spectacle lenses, 244.

Spectroscope, 263.

Spectrometer, 257-261, 917, 990 at

seq.

Spectrum, 259, 262-264; dii?rac-

tion, 264-270.

Speed (velocity), 607; errors from

irregularity of, 290; related to

power and efficiency of motor, 386,

534-535.

Speed-counter, 923.

Sphere, curvature of, 87 ; electrical

capacity of, 1170 et seq. ; moment
of inertia of, 1147-1148 ; volume and

diameter of, 799, 812-813.

Spherometer, 83, 84, 86, 89, 618,

913, 965.

Spiral, copper, 457; resistance coil,

471; spring, 331, 919; tube, 187,

188.

Spirit level, 423.,

Split plug, 365.

Spot of Tght, 580; of oil, photo-

metric, 223.

Spring balances, 337, 360, 367, 379,

534, 608, 919, 1000 e( seq. ; affected

by gravity, 338 ; correction of, 337

etseq.; force meas. by, 705; gi'adu-

aled in megadj-nes, 338; recoil

dangerous, 368.

Spring, of clock, 288, 303; oscillat-

ing, 330-332, 998; spiral, 331, 919 ;

stiffness of, 331.

Spy-glass (telescope), 286, etc., 916.

i

Square root, 763, 798.

Squares, 763 ; of rates of oscillation

proportional to forces, 413; inverse,

law of, 213; tables, 798, 804, 805.

Stable and unstable equilibrium,

399.

Stages of scientific progress, 590.

Standard, or standards, absolute

necessary, 633; amp6re, 581; Brit-

ish, 898-900, candle, 221; electri-

cal, 680; metre, 606; of accuracj",

655; of density, 61, 877, 900; of

French Archives, 332, 605; of

length, 71; of mass, 332; of press-

ure, 683; of temperature, 683; of

weight, 38; ohm (109 c. G. S.),

611 ; set of, 629-630.

Star, sextant set by, 252.

Stars, declination, etc., of, 896.

Starting friction, 374.

State, change of, 686-690, 775.

Static charge, 560 et seq.

Statics, apparatus, 919.

Statute mile (1.60932 kilorn.), 808.

Steam, 866-867 ; boiler (generator),

90,115, 203, 520, 914; jacket, 95,

99, 914; latent heat of, 203; shot-

heater, 167. 179 et seq., 915; trap,

203, 916.

Steel, avoided in magnetic exps. and
app., 405, 432, 439; beams, 919; bi-

cycle-balls, 16; coef. of linear ex-

pansion (.000012), 900; density of

(7.9), 847; maximum permanent
magnetization of, 887; temper of,

394; Young's modulus of, great,

363.

Stiffness of beims, transverse, 350-

354, 1003 ; of cords, 380 ; of rods,

torsional, 357, 1003 ; of spring, 331.

Stirrer, 107, 159, 471, 915; thermal

capacity of, 689.

Stone jar, 383.

Stop-cock, 64, 912.

Stoppers, 913.

Stopping, energy lost in, 380.

Stopping oscillations, 421.

Stops, 420.

Stop-watch, 284.

Storage of energy, 381.

Strains, 361, 604, 705, 711; com-



INDEX. 1221

ponentsjind resultants, 705; errors

from, 75 ; maximum, 352-363 — see

breaking strength
;
permanent, 351,

359 ; shearing, 1154.

Stream, fluid, 310, 377; of gas, 310;

of water, 385.

Strength, breaking, 367-369, 843-

847, 1005; crushing, 843-847; of

electric currents, 431, 462-466; of

magnets, distribution of, 411-414;

of magnetic field, 724 ; of magnetic

poles, 398, 401, 411, 722-723; of

shearing, 357, 843-847. See tor-

sion.

Stress, 362, 613, 711; shearing, 1153.

Stretching, fracture b}', 367 ; wires,

360-367, 1004.

Striking distance and e. m. f., 618,

890.

String, pulse transmitted by, 691;

vibration (harmonics) of, 275, 1049.

Students, advanced, exps. for, 537

et seq. ; note-books, 621, 623.

Style (tracer), 288, 577.

Subdiviaion, methods of, 634.

Substancei, affected by gravity

alike, 328; properties of, 843-863.

Substitution, method of, 15, 649

;

principle of, 478.

Successive approximations, 629;

halvings, 626.

Sulphate of copper, 457, 464; of

mercury (Clark's) battery, 581, 890.

Sulphuric acid, danger from, 463;

drying air by, 570.

Summaries of results, 948, 951 et

seq.

Sunlight for photographic printing,

395.

Sun, altitude of, 543; declination of,

543, 895; limb of, 543; parallax of,

small, 545; semi-diameter (16'),

254, 543, 894. See solar.

Supplies, 924; cost of, 926-927.

Support, triangular, 349, 919; yield-

ing of, 364.

Suppression of results dangerous,

595.

Surface, 607; curvature of, 88.

Surface-tension, 21, 369-372, 774,

1006-1007; afEected by nnpurities.

by temperature, and by variations

in calibre, 370-371 ; det. by balance,

369 ; tables for, 856-860.

Surroundings, magnetic, 432.

Surveying-compass, 405, 921.

Susceptibility, magnetic, 887.

Suspended magnets, 402-404.

Suspension, centre of, 1137; deli-

cacy of, 431, 902.

Symbols of chemical elements, 843-

845.

Syren, see siren [577].

System, absolute (C. G. S.), 606;

electrostatic, 514, 561, 565, 566;

electro-magnetic, 511 et seq., 660,

725; metric, 603; of forces, 710 ; of

instruction, 930-935; solar, 896.

T, iron, 365.

Tables, 797-900 ; arrangement of,

746-760; condensation of . 746-748

;

explanation of, 761-793; exten-

sion of, 752; interpolation in, 761

et seq, ; of combinations of errors,

1113; of gravity, 329; sources of

authority for, 794-796 ; use of, 663,

761 etseq.

Tables (benches), 906.

Tabular forms, 948.

Tackle, 379, 920.

Tangents, 408, 427, 430, 459, 764

;

law of, 4-39; logarithmic, 820-821;

of small angles equal to sines,

arcs, etc., 663; tables of, 800-801,

818-819.

Tangent-galvanometer (com-

pass), 437-451, 472; best angle of

deflection of (45°), 639^ calibration

of, 441.

Tangent-screw, 247.

Tape measure, 445.

Telegraph inst., 284, 324, 351, 365,

575, 577; time by, D46.

Telephone, 559,' 563, 564 ; differ-

ential, 564 ; minimum of sound in,

664-565.

Telescope, cross hairs of, 233, 572

;

focussing, 233; (spy-glass), 283,

317, 916. ;

'

Telescoping U-tubes, 271.
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Temper, 105, 394.

Temperament, equal, 893.

Temperature, 679; absolute, 122,

124, 128, 680-C81; and heat, 679,

684; and pressure of gases, 679,

680 ; atmosphemc del., 23 ; constaut

in boiling, 687 ; constaut required,

164; critical, 775; effects of on

cooling, 146 ; on hydrometer, 11

;

on sp. gr. bottle, 50, 102; on sur-

face tension, 370; on velocity of

sound, 279; equilibrium of, 107,

170; of condensation, ebullition,

etc., 843-863 — see boiling-point;

of room, 169 ; of solidification, fu-

sion, etc., 843-863— see melting-

point; precautions in det., 30, 49,

101; scale of, 6U5; series of, 172;

standard, 605; zero of, absolute

(—273°), 125, 127, 679.

Tension on cords of transmission

dynamometer, 386; of vapors (see

pressure), 132-135, 856-872; sur-

face-, 21, 369-3T2.

Tenths, estimation of, 39, 617; in

gauges, 78 ; in mens, of waves, 290;

in thermometers, 114; in weighing,

39; rough, 10.

Terms, ambiguous, 739-745.

Testing ammeters, 466; calipers,

73; hydrometers, 8; spherometers,

86 ; weights, 38.

Tfist-tube, 412, 915.

Thales, 585.

Thermal capacitv, 146, 157, 159,

387, 392, 472, 473, 685, 689, 976 et

seq, ; of calorimeter, 149-150, 157-

et seq., 689 ; of stirrer, 159 ; of

thermometer, 159, 689, 978.

Thermal conductivity, 541, 591,

688, 776, 843-863.

Thermal equilibrium, 679.

Thermal insulation, 541.

Thermo-electric heights, 843-847

Thermo-electricity, 737-738.

Thermo-electromotive force, re-

versal of, 738.

Thermo-junction, 520,923, 1031.

Thermometer, 109,910; air-, 119,

913, 971-972; boiling-point of, 114-

116; calibration or correction of,

113, 969 et seq. , Celsius or Centi-

grade, 605; column (or thread) of

mercury, 110, 113 ; comparison of,

163; differential, 214,916; Fahren-

heit or Centigrade, 892; fixed

points of, 106, 114; freezing-point

of, 116 ; mercurial, 104-119 ; paral-,

lax avoided in, 113 ;
precautions in

use of, 105; registering, 97, 4)14;

scales, 588-589; thermal capacity

of, 159, 689, 978; tubing (capillary),

371; weight-, 539, 914; wet-bulb,

24, 779.

Thermopile, 215, 985.

Thomson's absolute electrometer,

582-583; methods, 487-489, 1026,

1002; mirror galvanometer, 579.

Threads, diffraction produced by,

265-266; of mercury (column), lit);

of screw (pitch)," 85, 366, 572;

silk (tibre), untwisted, 316, 412,

418.

Throw of needle, 415, 421-422, 425,

427, 430, 562, 737, 1014; and num-
ber of lines of force cut, 415; meas.

by chord of angle. 422 ; nearly inde-

pendent of speed, 417.

Ticks counted, 284, 286, 287.

Time, det. by method of equal alti-

tudes, 546 ; by telegraph, 547 ; dif-

ference of, 543; distribution of,

656, 1124-1126; equation of, 546,

793; Greenwich and local, 543;

mean solar, 544; noted, 623; of

coincidence, 323-325; of falling,

315, 320; of oscillation or vibration,

318, 318, 319; of pendulum, 285,

291, 315; of revolution, 303, 385,

619; related to gravity, 328, re-

quired for light to traverse short

distances, 284, 55-3, 1167 c* seq.;

sidereal, 898 ; unit of (second), 606.

Tone, fundamental, 275; musical,

278.

Tonne (1,000,000 grams), 603.

Tools, 924.

Toothed wheel, 301-307, 552, 694,

918, 996.

Torricellian vacuum, 17.

Torsion, 334; -apparatus, 355, 358,

920; -balance, 358, 920; coef. of,
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533, 1140, 1151, 1156; fracture by,

357; head, 919; of fibre, 412; of
rod, 357, 1003 ; of wire, 358, 402,
453, 454, 1004; -pendulum, 334,

919, 1140; stiffness under, 257;
vibratiuus under, 554.

Touch, 615, 619.

Tracing ou smoked glass, 288; -pa-

p r, 155 ; -style or wire, 288-296.

Traction, force of, 373.

Transformations, of energy, 381,

387, 388; of light and souu ', 694;
of work into heat, 380, 387..

Transmission-dynamometer, 383

;

of heat, 887;. of pres>ure, 669; of
sensations, rates unequal, 616, 619.

Transverse elasticity, 353, 1157-

1160.

Trap for steam, 203, 915.

Tria.1 and approximatioji, 626; and
error, 629; method of, 3.

Triangle, area of, 1101; centre of

gravity of, 1103; (parallelogram)

of forces, etc;, 703.

Triangular support, 349, 919.

Trigonometric functions, 800-801,

814-821; average of, 1107.

Trough for ice, 914.

Trowbridge, electrical method for

det. sp. ht., 1044; method for det.

velocity, 310, 316; moditication of

Hirn's exp., 389 ; New Physics,

795.

Tube, barometric, 17; capacity of,

119, 371, 377; capilhirv, 556,' 920,

1149; coiled (worm), 187, 188; for

sliding helix, 420, 921; glass, 912;

harmonics of, 696; Ii dia rubber,

912,913; open ends of, correction

for, 696; pasteboard, 389, 921; reso-

nance, 696, 918; test-, 412, 915:

transmits pressure, 669; U-, 63,

912; Y-, 64, 912; vibration of air

in, 695-696.

Tuning-forks, 270, 271, 288, 292,

300, 303-307, 918, 992-993, 995-996.

Turning points of pointer of bal-

ance, 80; of tracer in Lissajous'

curves, 298, 334.

Turns of wire in a coil, 427, 445,

453, 454.

Twaddell's hydrometer, 892.

Twist, 403.

Twisting and rocking prevented,

351; fnicture b.y, 357
; proportional

to couple, 357, rods, 354-360,
1003.

Undulation and undulatory (see

wave), 691 et ieq.

Uniformity of calibre, 371 ; of resist-

ance in brfdge wire, 626, 528, 530;
of scales, 74; of velocity, 373,
375.

Unison, 274, 278; imperfect, beats

due to, 291, 292, 293, 578-579 ; tested

by communication of vibrations,

1049.

Units, absolute, 592; B. A. (.987

X 109 C. (J. S.), 483, 612, 900; con-

ventional, desirable, 677; corres-

ponding, 767-768; electrostatic,

567, 900; electro-magnetic, 567;
fundamental, 607; magnetic, 611;

multiples of, produced, 629 ; of area,

607; of couple, 609; of current,

611; of electric capacity, 560; of

electromotive force, 612; of en-

ergy, 609; of force, 608, 899; of

heat, 541, 610, 898; of heat, me-
chanical eq. of (4.17 X 10'), 387,

512; of length, 605, 898; of mag-
netism, 404, 611 ; of mass, 606,

898; of power, 610, 899; of pres-

sure, 899; of quantity, electro-

static (coulomb = 10' C."G. S. ) ; of

.

resistance, 611 ; of time, 606, 898

;

of velocity, 607 ; of work, 609, 899

;

practical, 484; provisional, 630;

Siemens' (.942 X 109 c. G. S.),

898

Uni-versal gravitation, 332.

Unstable equilibrium, 399.

Untwisted silk fibre, 316, 412,

418.

Use of shunt, 493; of tables, 663,

. 761 et seq. ; in rough calculations,

666 ; of two senses, 618.

U. S. measures, 898.

[J-tube, 912; telescopic, 271; trans-

mits pressure, 669.
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Vacuum, formed by condensation

of steam, 139; partial, 68; reduc-

tions to, 784, 956 et seq. ; sound in-

terrupted by, 692 ; Torricellian, 17;

transmits light, 682; weighing in,

673.

Values, conventional, 595; relative,

589.

Vapor, aqueous, 139; boiler for,

134; mercurial, 20-22, 122; pres-

sure (tension) of, 132-134, 135, 864-

867; properties of, 861-867.

Vaporization, latent heat of, 202.

Variables, 748-749; average of,

1097 et seq.

Variations of conditions desirable,

594; of gravity, 608.

Velocity, 607; average, 706;

change in, 312, 336, 704; compo-

nents and resultants, 704 ; constant

in absence of force, 706 ; det. by
ballistic pendulum, 311; by elec-

trical methods, 309; by Trow-
bridge's methods, 310, 316; in

dynamics, 308-312; irregular, er-

rors from, 290; of bullet, 309; of

efflux, 310, 377 ; of falling bodies,

311, 708.
,

Velocity of light (3 X 10"), 284,

552, 557; in glass (2 X lO"), 699,

900 ; in water, 553.

Velocity of molecules, 681 ; of roll-

ing bodies, 308 ; of sensations un-

equal, 616, 619.

Velocity of sound, 279, 780, 994,

. 1160-1164; affected by humidity

and temperature, 279; by wind,

280; early det. of, 285; formula)

and proof, 280, 281 ; in air (332m.

at0°), 869, 900; in wires, 554;

longitudinal, 554.

Velocity of streams, 310, 377; of

water in tubes, 376, 556, 1149;

relative, 376 ; uniform, 373, 375.

Ventilation, 905.

Vernier, 635-636; -gauge, 5, 73,

322, 399, 444, 454, 909, 964.

Versines, 766, 801.

Vessels, capacity of, 49 ; affected

by temp, and pressure, 538, 540;

cleansing, 49.

Vibration[s], arrested, 421, 901-

902 ; complete, 290 ; components of,

548; counting, 291, 318; created,

462; energy of, 388; frequency

(pitch) of, 694 ; -galvanometer, 460,

922, 1019; isochronous, arc limited,

323, 327, 331, 412, 443, 710; laws

of, 709; longitudinal, 564; method

of, 411, 460; molecular, 679 ; -num-

ber (pitch), 291; of air in tubt'S,

695-696 ; of light transverse, 548,

692; of polarized light, 548: of

strings, 273, 691 et seq., 1049; rale

of, 765; torsional, 554; transverse,

273, 691 et seq. ; variations in rate

tabulated, 800. See oscillations.

View distant, desirable, 231-236;

instantaneous, 303, 321.

Violet, Hofmann's, 552.

Violin bow, 289, 300.

Virtual foci and images, 2.39-244,

701-702, 1047.

Vis inertise, 741.

Viscosity, 774; coef. of, 556, 856-

860, 1149.

Volt (108 c. G. S.), 512, 612. 730, 73 1

.

Voltaic battery or pile (see cell),

436, 569, etc.

Voltameter, gas (or water), 557.

Volt-meter, 515, 524, 534, 536, 1032.

Volt-ohm, amp6re series, 484.

Volume, 1, 607; and diameter of

sphere, 72, 799, 812-813; and linear

dimensions, 1 ; calculation of, bi'

hj-drostatic balance, 45; by sp. gr.

bottle, .53,56; constant, sp. ht. at,

188-189; of gases reduced to 0°

76 cm., 873; resilience or elasticity

of, 538, 1151 ; specific, 57, 743-744";

tables for, in spheres, 799, 812-813.

Volumenometer, 57.

"WaUs, distances meas. from, 433.

Waste of materials, 927 ; of power,

435, 509.

Watch, use of, 284.

Water, apparent sp. vol. of, 875;

boiling-points of, 778; coef. of

fi-iction of, 377, 887; density of,

677-678, 785, 877 ; density of at 4°
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(maximum, 1.00001), 900 ; expan
sion of, 94, 684; flow of, 376, 71-3;

head of j 730; latent heat of lique-

faction of (79 or 80), 199, 860 ; la-

tent heat of vaporization of (536),

202, 860; mean speciiie lieat of

(0°-100°, 1.005), 860, 900; specific

volumes of, 876; supply of, 906;

weight in, 14, 43, 55; work of, under

pressure, 713.

Water-battery, 566.

Water-fall, 389.

Water-hammer, 139.

W^ater-motor, 382-385, 536, 920,

1008-1009.

W^ater-voltameter, 557.

Watt (107 ergs per sec), 473, 484,

512, 535, 610, 612, 729. See

power.

Wave-front, 693.

Wave-lengths of light, 264-269,

547, 791, 892; of sodium light

(.00005893), 605-606, 892, 900; of

sound, 270-274, 695, 992-993.

Wave motion, 691, 1160.

Waves, complete or double, 306;

estimation of tenths of, 290; shown
bv toothed wheel, 304-306 ; traced

by fork, 289, 296.

Weighing-room unnecessary, 905.

Weight, 742, 954 et seq. ; affected

by buoyancy of air, 7, 676; and

mass, 332 ; apparatus for det., 910,

911 ; apparent, 671 ; atomic and sp.

ht., 686 ; correction of, 38, 672-673

;

det. of, by angle of displacement,

346-347; by balance, 42; by di.'i-

placement of centre of gravity, ^'49,

1002; by lever, 341 et seq.; by

method of interchange (double

weighing), 40, 42, 650; by method

of substitution (Borda's method),

650; by method of trial^ 3; by

Nichol.'on's hydrometer, 13; by

oscillations, 30; by triangle of

forces, 344 et seq. ; proper method,

628; effective, 671; in air, 671; in

grams, 333, 740-742 ; in dynes, 742;

in liquids, '670; in vacuo, 670; in

water, 14-16, 43, 55 ; indicated by

spring balance, 339; molecular

(atomic), 686; of a gram (980

dynes), 608-609; of results, ll-.i8-

1129; raised, 381; reduction of to

vacuo, 45, 47, 50, 671-674 ; standard

of, 38, 912; -thermometer, 539 et

seq., 914. See weights.

Weights, accuracy of, 677 ; and
measures, 898 ; gram (g.), 910; kilo-

gram (k. or kg.), 921; minimum
number employed, 631, 633-634;

sets of, 3, 8, 28, 910, and elsewhere;

safety-valve, 919; standard, 38,

912; testing, 38.

W^eisbach's coefs. of hydraulic

friction, 788, 887.

Wet-bulb tliermoneter, 779, 808.

Wetted surface, area of, 375.

Wheatstone's bridge, 480, 493,

558, 559, 562, 732, 1024 et seq.;

formulse for, 483.

Wheel, of motor, 382; toothed, 301-

307, 694, 918.

Wiedemann's method, 515, 518,

1030.

Wiedemann and Franz, 691

.

Wind affects sound, 280, 1161.

Winding, double, 434-435.

W^indovir-bars sighted, 359; -glass,

395; silLs, height of, 903.

Winkelmann's method, 563.

Wire, breaking strength of, 367-

369; coef. of torsion of, 358-360,

402; cross-section of, 361, 368, 372,

377 ; -gauge, 893 ; of uniform resist-

ance, 526, 528; stretching of, 360-

367, 1004; torsion of, 368, 402, 453,

454, 1004; velocity of sound in,

554.

Wires, 918; bridge-, 481; connecting,

434: crossing of, 486; dynamo-,

parallel, 434; heating of by cur-

rents avoided, 4.36; resistances of,

891.

Wood, expansion of, slight, 94;

grain of, affecting friction, 374.

Work, 609; and force, 70.3-717; and
potential, 1169; apparatus, 920;

arithmetical, 662-663 ; -bench, 904;

conservation of, 714-715; done by
oblique forces, 714; measurement

of, 713; of water under pressure,

41
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713 ; rate of (see power), 610 ; -shop,

903; spent, 379, 380, 381, 383, 384,

387, 388, 536; transformed into

heat, 380, 387 ; units of, 609, 899

;

utilized, 379, 380, 382, 536.

Yard, British or standard (91.4389

cm.), 898.

Yielding of support, 364.

Young's modulus, 360-367, 538,554,

775, 920, 1005, 1151, 1158-U60,
1164; formula} for, 367; tables for,

843-847.

Y-tube or Y-joiut, 270, 912.

Zero, absolute, of temperature

(—273°C.), 125, 127, 679,

Zero-error, 621, 648; eliminated

by methods of substitution and
interchange, 649-651.

Zero-reading, of electric-microme-

ter, 352; of galranometer-needle.s,

433,434; of sextant, 252; of spec-

trometer, 258; of spring balance,

339; of torsion balance, 359.

Zinc, action of nitric acid on, 205-

210; electro-chemical eq. of (.000-

337g. per araptoe-sec), 845; heat

of combination of det. , 205 et seq. ;

pole of battery negative, 436, 529.



ERRATA.

Pages 21-22. The figures quoted from Tables 18 a, 186, and

18 c, should be corrected to correspond with later and more

accurate values introduced into these tables.

Page 78. References to " § 40 " and " § 41 " should read

" § 37."

Page 170. For "final temperature" read "average tem-

perature."

Page 372. To " this weight " add " neglecting the buoyancy

of the atmosphere "

Page 551. For " Table 31 D," read " Table 31 E."

Pages 643 and 646. For " § 38 " and " § 39 " read " § 37."

Page 658. For " Metnod " read " Method."

Page 785. For " Kupfer " read " Kupifer."

Page 861. For " ammoniac " read " aramoniacal gas."

Page 890. Under the "positive pole " of " Clark " cell read

" mercury," not " carbon."

Page 975. For " ^ * " read " ^ .

"

Page 1102. For " rfi" read " a^."

Page 1105. For "^" read "^."

Page 1108. For

"0° 90°" read "A 0°^- ; ^- 90°"

sin^ I + cos2 3;
^^^°- 2 sm^ar+cos^a:

Page 1110. For " coeficient " read " coefBcient."

Page 1148. For " x*" read "^/'

Page 1172. For " force (/) or P" read " force (/) on P."

Page 1209. For " Leclauch^ " read " Leclanchd."












